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 Kurzfassung 
Das Design von Festoxidbrennstoffzellen (SOFC) hat einen großen Einfluss auf die chemische und 
mechanische Stabilität der elektrochemisch aktiven Zelle. Die betriebsbedingten aus isothermen 
Betrieb und thermozyklischen An- und Abfahren resultierenden mechanischen Belastungen werden 
weitestgehend vom Zellsubstrat getragen. Hinsichtlich der Optimierung des Zelldesigns im 
Hinblick auf die Lastzustände wurden in den letzten Jahren zwei Brennstoffzellensubstratkonzepte 
entwickelt. Das Erste basiert auf einer anodensubstratgestützen Zelle unter Verwendung eines 
anwendungsoptimierten keramischen Materials. Das Zweite auf der Verwendung eines metallischen 
Substrats. Ziel der vorliegenden Arbeit ist der Vergleich dieser zwei planaren Konzepte. Basis dazu 
ist zum einen auch eine Untersuchung des mechanischen Verhaltens der neuen keramischen 
Materialzusammensetzung des anodengetragenen Designs, wobei hier die aktive Anodenschicht 
und das Anodensubstrat aus identischer Keramik bestehen, also eine vollkeramische Zelle. Die 
metalunterstützte Brennstoffzellenvariante besteht aus porösem ITM Substrat mit der aufgetragenen 
gradierten Ni-8YSZ Anode (aktive Anodenschicht und Anodenzwischenschicht), Elektrolyt und 
Kathode wobei sich hier die Arbeiten auf das poröse Trägermaterial konzentrierten. Beide Konzepte 
wurden anhand der Resultate von ANSYS 14.0 Workbench FEM Simulation verglichen. 
In einem ersten Schritt wurden also die für die Simulation relevanten Materialeigenschaften anhand 
einer Literaturrecherche eingegrenzt. Ein zusätzliches Ergebnis dieser Literaturrecherche war die 
Entwicklung eines Models zur Abschätzung der Materialeigenschaften für Porositätsvariaten des 
Ausgangsmaterials und veränderte Zusammensetzungen, z.B. des Verhältnisses in der Ni-8YSZ 
Anode. Im nächsten Schritt wurden die nicht hinreichend bekannten Eigenschaften der neu 
entwickelten Materialien (Y-dotiertes Strontiumtitanat (SYT)) für die Verwendung als 
Anodensubstrat und aktive Anodenschicht  im vollkeramischen und die ITM Legierung als poröses 
Substrat im metallgetragenen Konzept) von Raumtemperatur bis zur SOFC-relevanten (≈ 800 ºC) 
Betriebstemperatur in thermomechanischen Versuchen bestimmt. 
Bestandteile der thermomechanischen Charakterisierung des SYT Materials waren die Ermittlung 
des elastischen - Moduls, der charakteristischen Festigkeit, der Querkontraktions - Zahl, des 
thermischen Ausdehnungskoeffizienten und der Kriechrate. Zusätzlich wurde die chemische 
Stabilität des Y-dottierten Strontiumtitanats mittels Differenz-Thermoanalyse und 
Röntgendiffraktometrie untersucht, wobei festgestellt wurde, dass das mechanische Verhalten durch 
eine Phasenumwandlung bei erhöhten Temperaturen beeinflusst wird. Weiterhin wurden 
Versetzungsgleitbänder beobachtet, die durch den Härteindringtest in größere Körner induziert 
werden. Die Materialdefekte wurden als Basis für eine Verbesserung der Herstellersprozesse mittels 
Licht-, Stereo- und Rastrelektonmikroskopie charakterisiert . 
Untersuchungen zur Verbesserung der Eigenschaften des SYT wurden anhand von 
Materialdotierung durchgeführt. Hierzu wurden SYT und 3YSZ Keramik in gleichen Teilen 
gemischt und gesintert. Der thermomechanischen Charakterisierung bei Raumtemperatur folgte eine 
fraktographische Analyse zum Versagensursprung. 
Für die in poröser und dichter Form vorliegende ITM Legierung wurden der elastische - Modul, die 
Zugfestigkeit, die Querkontraktions - Zahl, der thermischer Ausdehnungskoeffizient und die 
Kriechrate bestimmt. Eine aus der Literatur bekannte ferromagnetisch-paramagnetische 
Umwandlung beeinflusste den elastischen - Modul, den thermischen Ausdehnungskoeffizienten und 
 die Querkontraktions - Zahl. Zusätzlich war die Querkontraktions - Zahl ähnlich wie Zugfestigkeit 
und Fließspannung durch die Walzenrichtung beeinflusst. Bei den für das poröse ITM Material 
durchgeführten Kriechversuchen lag der Fokus auf die bereits für das dichte Material bekannte 
starke Spannungssensibilität. Die Ergebnisse zeigten das weitere Arbeiten notwendig sind um den 
Kriechmechanismus zu erklären. 
  
 Abstract 
The solid oxide fuel cell (SOFC) design concept has a strong impact on the chemical and 
mechanical stability of the actual ceramic cell. The mechanical loads induced by static and transient 
operation of the device are mainly sustained by the cell substrate. Two means of implementation of 
the mechanical support design have received considerable attention in recent years. The first route 
is to increase the thickness of one of the core layers (anode or electrolyte or cathode), whereas the 
second one is based on the deposition of the functional layers on an inert, for example, metallic 
substrate. Hence, one of the aims of this current work is to compare metal-supported and anode-
supported SOFC concepts focusing on planar designs. A novel materials’ configuration of the 
anode-supported fuel cell is mechanically analyzed, where anode and anode substrate are produced 
using pure ceramic materials instead of the typically-used Ni-8YSZ composite, i.e. is a full-ceramic. 
The metal-supported fuel cell is produced using the graded anode structure (anode active layer and 
anode intermediate layer) deposited on the porous ITM alloy substrate. The concepts are compared 
via FEM simulations performed with the ANSYS 14.0 Workbench. 
In an initial step the mechanical properties necessary for the simulations are assessed from a concise 
literature review. An additional outcome of the review is the development of models to predict the 
mechanical data of, for example, Ni-8YSZ composite as a function of porosity and Ni content. The 
missing data for the novel materials (Y-doped strontium titanate as anode active layer and anode 
substrate material for the full-ceramic concept and porous ITM alloy for the metal-supported 
concept) are determined via thermomechanical testing, where characterizations are performed from 
room temperature up to SOFC operation-relevant (≈ 800 ºC) temperatures. 
The thermomechanical testing of the SYT material includes the determination of Young’s modulus, 
characteristic strength, Poisson’s ratio, thermal expansion coefficient and creep rate measurements. 
Additionally, the chemical stability of the Y-doped strontium titanate is investigated using 
differential thermal analysis and X-ray diffraction indicating that the mechanical behavior is 
affected by a phase transition at elevated temperatures. Interestingly, dislocation slip bands are 
observed during the microindentation tests in grains exceeding a discrete size. Finally, material 
defects are investigated with light, stereo, confocal and scanning electron microscopes to derive 
some hints for the materials’ production optimization. 
In addition an attempt to enhance the strength of the SYT material is performed. Equal volumes of 
pure SYT and 3YSZ ceramic are mixed. The subsequent mechanical characterization of the sintered 
composite is performed at room temperature with the associated fractographic analysis. 
Porous and dense ITM material grades were investigated in terms of Young’s modulus, ultimate 
tensile strength, Poisson’s ratio (also for the dense ITM), thermal expansion coefficient and creep 
rate. A ferromagnetic-paramagnetic transition influences the mechanical properties (Young’s 
modulus, TEC, Poisson’s ratio). The Poisson’s ratio is affected by the rolling direction similar as 
already reported previously for the ultimate tensile strength and yield stress of dense ITM. The 
creep measurements focusing on the porous ITM verify a high stress-sensitivity that has also been 
reported for the dense ITM before. An explanation of the creep mechanism still needs further 
investigations. 
 
  
  
 
 
 
 
 
 
Contents 
1 INTRODUCTION ................................................................................................................................... 1 
1.1 Fuel cell principle ................................................................................................................................................. 2 
1.2 Solid Oxide Fuel Cell (SOFC) ............................................................................................................................. 4 
1.2.1 SOFC principle .................................................................................................................................................. 4 
1.2.2 SOFC designs and concepts .............................................................................................................................. 5 
1.2.3 SOFC thermo-mechanical stability .................................................................................................................... 6 
1.2.4 Alternative anode materials ............................................................................................................................... 9 
1.3 Motivation of the present work ......................................................................................................................... 11 
1.3.1 Reoxidation stable full-ceramic concept.......................................................................................................... 11 
1.3.2 Reoxidation stable metal-supported concept ................................................................................................... 12 
1.3.3 Comparison of full-ceramic and metal-supported concepts ............................................................................ 13 
2 MECHANICAL CHARACTERIZATION OF SOFC MATERIALS ................................................. 15 
2.1 Grain size classification ..................................................................................................................................... 15 
2.2 Linear elastic behavior ...................................................................................................................................... 16 
2.3 Creep behavior ................................................................................................................................................... 17 
2.4 Material failure .................................................................................................................................................. 19 
2.4.1 Ceramic materials ............................................................................................................................................ 19 
2.4.2 Metallic materials ............................................................................................................................................ 20 
2.5 Fractographic investigations ............................................................................................................................. 20 
2.6 Porosity dependence of mechanical properties ............................................................................................... 21 
3 INVESTIGATED MATERIALS – LITERATURE REVIEW ........................................................... 26 
3.1 Cell-support materials ....................................................................................................................................... 26 
3.1.1 SYT – Y-doped strontium titanate (Sr0.895Y0.07TiO3-δ) .................................................................................... 26 
3.1.2 ITM – high-chromium Fe-based alloy ............................................................................................................. 26 
3.2 Anode materials ................................................................................................................................................. 28 
 3.2.1 Ni-8YSZ (Ni – Y0.16Zr0.84O2-δ) composite....................................................................................................... 28 
3.2.1.1 Anode data conversion model ................................................................................................................ 29 
3.2.1.2 Thermal expansion coefficient ............................................................................................................... 31 
3.2.1.3 Chemical expansion ............................................................................................................................... 32 
3.2.1.4 Poisson’s ratio ........................................................................................................................................ 33 
3.2.1.5 Young’s modulus ................................................................................................................................... 35 
3.2.1.6 Characteristic strength ............................................................................................................................ 39 
3.2.2 SYT (Sr0.895Y0.07TiO3-δ) .................................................................................................................................. 42 
3.3 Electrolyte materials ......................................................................................................................................... 42 
3.3.1 8YSZ (Y0.16Zr0.84O2-δ) ..................................................................................................................................... 42 
3.3.1.1 Thermal expansion coefficient ............................................................................................................... 42 
3.3.1.2 Chemical expansion ............................................................................................................................... 43 
3.3.1.3 Poisson’s ratio ........................................................................................................................................ 43 
3.3.1.4 Young’s modulus ................................................................................................................................... 43 
3.3.1.5 Characteristic strength ............................................................................................................................ 44 
3.4 Cathode materials ............................................................................................................................................. 45 
3.4.1 LSCF (La0.58Sr0.40Co0.2Fe0.8O3-δ) ..................................................................................................................... 45 
3.4.1.1 Thermal expansion coefficient ............................................................................................................... 45 
3.4.1.2 Chemical expansion coefficient ............................................................................................................. 45 
3.4.1.3 Poisson’s ratio ........................................................................................................................................ 45 
3.4.1.4 Young’s modulus ................................................................................................................................... 46 
3.4.1.5 Average fracture stress ........................................................................................................................... 47 
4 EXPERIMENTAL TECHNIQUES AND TESTED SAMPLES ....................................................... 49 
4.1 Material production .......................................................................................................................................... 49 
4.2 Grain size classification .................................................................................................................................... 50 
4.3 Microindentation ............................................................................................................................................... 50 
4.4 Bending tests ...................................................................................................................................................... 52 
4.4.1 Ring-on-ring bending test ............................................................................................................................... 52 
4.4.2 Three-point bending test ................................................................................................................................. 54 
4.4.3 Four-point bending ......................................................................................................................................... 55 
4.5 Tensile tests ........................................................................................................................................................ 57 
4.5.1 Static tensile creep test .................................................................................................................................... 57 
4.5.2 Uniaxial tensile test ......................................................................................................................................... 59 
4.6 Impulse excitation technique ............................................................................................................................ 59 
4.7 X-ray diffraction................................................................................................................................................ 63 
4.8 Thermal gravimetric analysis........................................................................................................................... 64 
4.9 Thermal expansion measurement .................................................................................................................... 65 
4.10 Porosity measurement....................................................................................................................................... 65 
4.11 Oxidation experiments ...................................................................................................................................... 69 
4.12 FEM simulation ................................................................................................................................................. 70 
 5 RESULTS AND DISCUSSION ............................................................................................................ 73 
5.1 SYT material ...................................................................................................................................................... 73 
5.1.1 Microstructure ................................................................................................................................................. 73 
5.1.2 Young’s modulus ............................................................................................................................................. 77 
5.1.3 Poisson’s ratio ................................................................................................................................................. 80 
5.1.4 Chemical stability and phase transitions .......................................................................................................... 81 
5.1.5 Thermal expansion coefficient ........................................................................................................................ 87 
5.1.6 Strength ........................................................................................................................................................... 87 
5.1.7 Fractographic investigations ............................................................................................................................ 89 
5.1.8 Dislocation slip ................................................................................................................................................ 91 
5.1.9 Creep rate ........................................................................................................................................................ 93 
5.2 SYT-3YSZ composite ......................................................................................................................................... 94 
5.2.1 Microstructure ................................................................................................................................................. 95 
5.2.2 Strength and Young’s modulus ....................................................................................................................... 95 
5.2.3 Fractographic investigations ............................................................................................................................ 95 
5.3 ITM™ alloy ......................................................................................................................................................... 97 
5.3.1 Microstructure ................................................................................................................................................. 97 
5.3.2 Young’s modulus ........................................................................................................................................... 100 
5.3.3 Ultimate tensile strength, plastic deformation ............................................................................................... 102 
5.3.4 Poisson’s ratio ............................................................................................................................................... 105 
5.3.5 Thermal expansion coefficient ...................................................................................................................... 106 
5.3.6 Creep rate ...................................................................................................................................................... 107 
5.4 FEM Simulation ............................................................................................................................................... 114 
5.4.1 Simulation of oxidation-induced stresses ...................................................................................................... 114 
5.4.1.1 Oxidation of the metal-supported half-cell ........................................................................................... 114 
5.4.1.2 Curvature of the oxidized half-cells ...................................................................................................... 117 
5.4.1.3 FEM simulation of the oxidation process ............................................................................................. 118 
5.4.2 Comparison of the full-ceramic and metal-supported SOFC concepts .......................................................... 122 
6 SUMMARY AND CONCLUSIONS .................................................................................................. 125 
7 APPENDIX ......................................................................................................................................... 127 
8 BIBLIOGRAPHY ............................................................................................................................... 129 
 
  
   
 List of abbreviations 
3PB – three-point bending 
450 PS – 450 Policy Scenario 
4PB – four-point bending 
AFC – alkaline fuel cell 
APU – auxiliary power unit 
ASC – anode-supported cell 
CEA – cathode-electrolyte-anode 
CPS – Current Policy Scenario 
CSC – cathode-supported cell 
DBL – diffusion barrier layer 
DOE – Department of Energy 
DMFC – direct methanol fuel cell 
DTA – differential thermal analysis 
ECD – equivalent circle diameter 
ESC – electrolyte-supported cell 
FC – fuel cell 
GT – gas turbine 
IET – impulse excitation technique 
ICE – internal combustion engine 
LPG – liquefied petroleum gas 
MCFC – molten carbonate fuel cell 
MIP – mercury intrusion porosimetry 
MTOE - megatons of oil equivalent 
NG – natural gas 
OCV – open cell voltage 
OECD - Organization for Economic Co-operation and Development 
PDF – probability density function 
 PAFC – phosphoric acid fuel cell 
PEMFC – proton exchange membrane fuel cell 
PP – power plant 
ROR – ring-on-ring bending 
RT – room temperature 
SEM – scanning electron microscope 
SOFC - sold oxide fuel cell 
TEC –thermal expansion coefficient 
TGA – thermal gravimetric analysis 
TPB – triple phase boundary 
YSZ – yttrium-stabilized zirconia 
  
1 
 
1 Introduction  
Rapid technological progress during the last century has increased the average energy consumption 
per capita, especially for developing countries. Combined with population growth within the same 
time period total world’s energy consumption showed a steep increment. The data in the Figure 1 
presents this tendency in various regions within last 40 years
1
 and takes into account the fuel 
reserves
2,3
 [1]. 
 
Figure 1. World total energy consumption from 1971 to 2009 by region. 
Population growth will remain one of the major factors contributing to the increasing energy 
demand. Supplementary forecasts claim that independent of policy scenarios the energy 
consumption is going to increase during the next 25 years (Figure 2) [1]. 
 
Figure 2. Total primary energy supply outlook by fuel according to 2 policy scenarios. 
                                                 
1
 Data prior to 1994 for biofuels and waste final consumption have been estimated. 
2
 Asia excludes China. 
3
 Includes international aviation and international marine bunkers. 
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Even in the case of the new so-called “450 PS” policy scenario4 an increase of about 100 % is 
expected due to growth of population and standard of living. One possible solution of this problem 
is to build more power plants. Recalling the fact, that fuel resources are not infinite and the 
emission of greenhouse gases should be reduced, the previously mentioned solution doesn't fulfill 
these requirements and hence the question of efficient fuel utilization becomes vital. As an example, 
the situation in the United States in 2008 is illustrated in Figure 3 [2]. 
 
Figure 3. Energy conversion efficiency in the U.S. (from primary fuel to consumed electricity). 
One of the candidates for high-efficiency conversion devices is the solid oxide fuel cell (SOFC). 
Fuel cell operation has been considered as environment-friendly due to its low (or zero, depending 
on the fuel cell type and fuel choice) greenhouse gas emission level. Further development of the 
fuel cell technology and its combination with the available ones (e.g. fuel cell + gas turbine power 
generation unit) gives the possibility to increase the electrical efficiency of combined cycle power 
plants up to ≈ 70 % [3]. Therefore, fuel cells are considered as a vital option for future power 
generation. 
1.1 Fuel cell principle 
The fuel cell principle was discovered by Christian Friedrich Schoenbein in 1838. William Robert 
Grove, an engineer who concentrated on the application of this promising discovery, constructed 
and presented the first fuel cell (phosphoric-acid FC) in 1844-1845. However, at this time the 
development of the dynamo technology starting 1866 by Werner overshadowed the promising fuel 
cell technology and research activities took a long rest. 
                                                 
4
 Based on the stabilization of greenhouse gases concentration at a level of 450 ppm of CO2 equivalent. 
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It took more than 100 years till the fuel cell technology came back to the focus of scientists and 
engineers. In the middle of 1950’s the rapidly evolving aerospace industry faced the problem of 
autonomous electricity generation and fuel cells were re-considered as a possible solution. As the 
result, on the 21
st
 of August 1965 the first industrial application of fuel cell technology was space 
shuttle Gemini 5 with polymer membrane fuel cells on board [4]. 
Another branch of fuel cell applications was proposed during the oil crisis in the 1970’s: fuel cell-
based power plants. The largest problem encountered was the usage of hydrogen as a fuel. 
However, during a leakage hydrogen quickly dissolves into a non-explosive mixture making the 
hydrogen usage advantageous in comparison to gasoline. Nevertheless, hydrogen storage problems 
(high costs and complexity) remain a barrier for massive hydrogen fuel utilization. 
In 1970’s decade a burst of fuel cell activities lead to the development of various types of fuel cells. 
Fuel cells can be classified by 
1) fuel type: hydrogen, methanol, ethanol, etc.; 
2) fuel cell principle (so-called electrolyte classification): solid oxide electrolyte, proton 
exchange membrane, polymer membrane etc.; 
3) fuel cell design: planar, tubular, cascade etc. 
4) fuel cell operation temperature: high temperature (HT), intermediate temperature (IT) and 
low temperature (LT); 
A brief overview of the fuel cell principles is presented in Figure 4. 
 
Figure 4. Chemical reactions and operation conditions of some fuel cell types [3, 5]. 
Operation conditions, functional materials and fuel type define the efficiency of any fuel cell. The 
general trend is that higher operation temperatures correspond to higher fuel cell efficiency. 
Efficiency data are summarized in Table 1 and represent the state of the fuel cell industry in 2011 
[3, 5]. 
Fuel cell type Operating temperature Efficiency 
PEMFC 
20…120 °C 
160…220 °C 
35% stationary (60%  for 
transportation) 
AFC 60…120 °C 60% 
PAFC 
20…120 °C 
160… 220 °C 
40% 
MCFC 600…650 °C 45-50% 
SOFC 700…1000 °C 60% 
Table 1. Fuel cell efficiency with respect to operation temperature [3, 5]. 
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One of the highest energy conversion efficiencies is obtained with solid oxide fuel cells. The main 
mechanism leading to the high elevated temperature efficiency is the large ionic conductivity of the 
electrolyte layer, i.e. more oxygen anions are available for the oxidation reaction at triple-phase 
boundaries. This type of fuel cell is the scope of the current work. 
1.2 Solid Oxide Fuel Cell (SOFC) 
1.2.1 SOFC principle 
The solid oxide fuel cell is a high-temperature fuel cell working with hydrogen or methane fuel. Its 
operation temperature varies from 700 to 1000 °C which opens up a possibility to use it in 
combination with a gas turbine to increase the overall efficiency of a power generation unit (Figure 
5). 
 
Figure 5. Schematic of a SOFC-GT system [6]. 
Another application area of SOFC is the decentralization of electricity production. A SOFC module 
could be installed in individual households producing electricity in long-term operation with a low 
number of start/stop cycles. Simultaneously, the heat produced in the oxidation reaction can be used 
for the domestic heating system. 
Besides the stationary operation, SOFCs are considered for auxiliary power units (APU) in mobile 
applications, where the increase in electrical energy consumption requires the development of new 
principles for on-board energy conversion [7]. 
The main functional mechanism of a SOFC is the electrochemical reaction between oxygen anions 
and hydrogen molecules. These two species should be delivered to the anode side of the SOFC 
where the exothermic reaction takes place releasing the electrons bound to the oxygen anions. 
Complexity of hydrogen storage [8] requires another solution of fuel supply, which can be directly 
obtained from hydrocarbon fuels by means of an endothermic steam reforming reaction [9]: 
                                         ( 1 ) 
Or in the case of methane (main constituent of natural gas): 
                 ( 2 ) 
Therefore, a special unit (reformer) should be installed in the power generation unit. Oxygen 
delivery to the active sites is implemented via the transport of oxygen ions through the electrolyte 
layer. Electrons are bound to the oxygen molecules; hence these two components are both 
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transported to the active zone. The first step is to convert O2 molecules into O
2-
 anions. On the 
cathode side oxygen from air reacts with electrons yielding oxygen ions: 
      
        ( 3 ) 
The electrolyte possesses an ionic conductivity owing to the oxygen vacancies in the material, 
whereas its electronic conductivity should be almost zero. During the chemical reaction electrons 
from hydrogen and carbon monoxide molecules are released and the fuel cations react with oxygen 
anions. The reactions of fuel utilization on the negative electrode in the case of methane are: 
               
  ( 4 ) 
     
          
  ( 5 ) 
Meanwhile, some additional hydrogen is directly produced inside the anode by the means of an 
exothermic water-gas shift reaction: 
                ( 6 ) 
Later, the electrons relieved in oxidation reaction on the anode side are transferred to the electricity 
consumer (so-called “load”) and return into the SOFC loop at the cathode side. A SOFC APU 
operation scheme is presented in Figure 6. 
 
Figure 6. Schematic of SOFC APU operation. 
1.2.2 SOFC designs and concepts 
Every particular SOFC application raises different requirements on the SOFC materials. Stationary 
applications cover a wider range of desired power than the transportation ones. Efficiency is the key 
issue for any energy conversion unit and should be as high as possible, taking into account that the 
lowest limit is defined by already existing technologies. Lifetime demands are higher in the case of 
stationary operation (up to 10 times higher than for mobile applications). Cycleability is the vital 
issue for automotive and aerospace applications. Another important parameter that must be taken 
into account is the level of emissions (especially NOx). A short summary of the performance 
requirements is presented in Table 2. 
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Stationary Transportation 
Buildings 
Industrial 
Utility 
Automotive Heavy Duty 
Residential Commercial Distributed Central 
Capacity  
(kW) 
1-5 20-500 200-2000 500-5000 >100000 30-90 60-2000 
Efficiency
5
  
(%) 
>35 >35 >40 >40 >55 >40 >40 
Lifetime  
(years) 
>10 >10 >15 20 20 0.5
6
 2-10
6
 
Cycleability important important 
not 
important 
important 
not 
important 
very 
important 
important 
Start-up 
time 
important
7
 important
7
 important
7
 
not 
important 
not 
important 
very 
important 
very 
important 
Table 2. Performance requirements for distributed generators by market segment [10]. 
However, the final parameter that sums up all the technical requirements and pushes all new 
technologies into the power generation market is the allowable cost. 
The fulfillment of the technical requirements listed in Table 2 strongly depends on the mechanical 
stability of a SOFC during operation and start-up/shut down procedures. High operation 
temperatures (700 – 1000 °C) pose a big challenge on the way to develop a thermo-mechanical 
stable SOFC. After a long period of SOFC layer design development the main focus has 
concentrated on planar and tubular designs (Figure 7). 
 
Figure 7. Tubular (a) and planar (b) SOFC designs [11]. 
1.2.3 SOFC thermo-mechanical stability 
Tubular concept demonstrated good thermal shock resistance, high mechanical strength, easy 
sealing and high volume manufacturing ability, whereas the planar design offers lower volumetric 
power packing density [12]. Another important issue of the planar type is its lower manufacturing 
costs that makes the design more attractive for industry [13]. During operation any SOFC system is 
exposed to various mechanical loads that are distributed between structural components and the fuel 
cell itself. A metallic frame should provide the robustness of the entire SOFC stack, while the local 
stresses within the cathode-electrolyte-anode (CEA) functional core must be individually sustained 
by the layers. The local stresses originate from thermal and chemical expansions of the fuel cell 
materials [14, 15]. Thermally-induced stresses arise from the thermal expansion coefficient (TEC) 
                                                 
5
 Electric generation only; in cogeneration applications combined electric-thermal efficiencies approach 85%. 
6
 Actual operating time of the power system (not vehicle lifetime). 
7
 Importance depends upon the operation strategy. Peak-shaving units will require rapid start-up, but base-loaded 
systems will not. 
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mismatch of metallic, ceramic and cermet constituent materials aggravated by the fixation of the 
fuel cell in a SOFC stack [14, 15]. 
Additional concern is the chemical stability of the components at operational temperatures in 
reducing (anode), oxidizing (cathode) or both (electrolyte) atmospheres. The origin of chemical 
expansion is the formation of oxygen vacancies at low PO2. Oxygen atoms leaving (or incorporating 
into) the crystal lattice induce changes in the interatomic distance leading to lattice expansion or 
contraction [16]. Hence the final SOFC configuration should consist of distinct chemically stable 
materials. The cathode must be chemically stable in oxidizing atmosphere at temperatures up to 
1000 ºC (local overheating is taken into account). Typically lanthanum-, strontium- and yttria-based 
materials are used for this application, nonetheless gadolinium- and praseodymium-based ones are 
also being investigated [13]. The anode has to be stable in reducing atmosphere between room 
temperature and 1000 ºC. State-of-the-art material solutions cover nickel- and copper-based cermets 
or lanthanum-, ceria-, zirconia-based ceramics, however the Ni-YSZ cermet has become the main 
basis for SOFC research and development projects [13]. The electrolyte is exposed to both reducing 
and oxidizing atmosphere within the same operation temperature range. Typical electrolytes are 
composed of doped zirconia ceramic materials, ceria-based doped materials are still rarely used 
[13].  
An intuitive solution of the mechanical stability problem is to fabricate one of the CEA layers with 
an excessive thickness. The supplementary part of the reinforced layer acts as mechanical support 
as well as spatial limiter for the stressed functional films. Consequently, three concepts were 
developed: anode-supported cell (ASC), electrolyte-supported cell (ESC), cathode-supported cell 
(CSC) [17]. 
 
Figure 8. Planar single cell concepts [17]. 
Recently, a novel concept was developed to fulfill the requirements of heavy duty vehicle 
applications: vibrational stiffness, endurance under transient operation conditions, thermo- cycling 
stability and low manufacturing costs. In this novel concept the CEA functional core is deposited on 
a porous metallic substrate which partially acts at the same time as interconnector [18]. 
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Figure 9. Schematic of the metal-supported concept [18]. 
SOFC solutions for mechanical stability should also fulfill the electrochemical performance 
requirements. The CEA layers must provide sufficient ionic conductivity (0.1 S∙cm-1) [19], while 
electronic conductivity is a must for cathode, anode and support materials. 
The electrolyte-supported concept requires higher operational temperature to reach satisfactory 
ionic conductivity of the electrolyte layer. Another possibility to reach similar oxygen ion 
conductivity is to decrease the thickness of electrolyte layer, i.e. the anode-supported or cathode-
supported fuel cell concepts. The cathode-supported concept implies lower anode thickness that 
reduces the problem of redox stability (see below) in the case of cermet anodes. Nonetheless, high-
temperature chemical reactions between typical cathode and electrolyte materials complicate the 
SOFC manufacturing process (physical or chemical deposition techniques should be used instead of 
powder technology) [20]. Anode-supported fuel cells have become a popular solution in the SOFC 
field due to the lower polarization losses at the anode component [21]. Typical anode material is a 
cermet mixture of Ni and yttrium-stabilized zirconia (Ni-8YSZ) [20]. Ni particles provide a path for 
electrical current from triple phase boundaries (TPB), where the reaction of fuel oxidation takes 
place, whereas 8YSZ acts as ionic conductor bringing the oxygen anions to TPB. The advantages of 
Ni-8YSZ anodes in terms of fuel utilization made this anode material of primary interest for 
industrial applications. The Ni inside the anode acts as the catalyzer for hydrocarbon steam 
reforming that gives a possibility to eliminate the step of external steam reforming and perform this 
reaction directly at the anode side [22]. The corresponding effect of system cost reduction plays a 
great role for further application of the fuel cells. 
Limitations of Ni-containing cermet anodes originate from the catalytic activity requirements. 
Hydrocarbon fuels stimulate the carbon deposition on Ni particles degrading the cell performance. 
The degradation is caused by the deactivation of active sites of the catalytic surface [23]. A similar 
loss of catalytic active sites is observed in the case of sulfur poisoning that is typical for the 
operation with natural gas or coal gas with H2S as intrinsic component [24, 25]. The tendency of 
nickel agglomeration after prolonged operation also affects the SOFC performance negatively [26]. 
Recently, a new disadvantage of Ni/8YSZ material was detected. During the entire lifetime period 
any SOFC experiences intentional or non-intentional atmosphere changes on the anode side. The 
intentional ones originate from SOFC initiation or shut-downs, whereas the non-intentional emanate 
from the loss of sealant tightness [15, 21]. As result, Ni particles oxidize and transform into NiO 
associated with an increase in particle volume. The process is called reoxidation and sometimes is 
referred as “redox” coming from reduction and the following oxidation of the Ni particles (Figure 
10). 
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Figure 10. SOFC half-cell sintered in air (a), after reduction (b) and reoxidation (c) leading to 
cracking of the electrolyte layer (d) [15]. 
Associated tensile stresses induced in the electrolyte layer lead to cracking with the consequent 
open cell voltage (OCV) drop [27]. Therefore, Ni-8YSZ anode materials face a set of application 
limits and especially the reoxidation attracted research activities on the development of novel anode 
materials and alternative design concepts shown in Figure 8 and Figure 9 [26]. 
The most important part of the anode in terms of reaction rate is the region in the vicinity of the 
dense electrolyte layer, called anode active zone. The main factor affecting the reaction rate in the 
active zone is the three-phase boundary (TPB) length. TPB length can be increased via higher 
surface-to-volume ratio of the nickel particles (i.e. smaller particle size) and/or larger amount of 
nickel present in the layer (increase of the Ni-to-8YSZ ratio in the anode composition and porosity 
decrease). However, higher amount of nickel would negatively affect the reoxidation stability of the 
anode layer. The compromise found was the development of the graded anode structure consisting 
of the anode substrate having lower amount of nickel and higher porosity and the anode active layer 
with higher Ni content and lower porosity (several per cent less than the anode substrate layer) 
where the most part of the reaction sites are located. 
Summarizing the previously described information, graded Ni-8YSZ anode have become the 
mostly wide-spread material solution for the anode layer to tackle the mechanical integrity 
problems in redox cycling. 
1.2.4 Alternative anode materials 
A novel branch of anode research activities has been dedicated to the development of new purely 
ceramic materials; however, the absence of metallic particles led to electronic conductivity 
problems for the ceramic functional layer. An overview of such advanced anode materials for the 
use in high-temperature fuel cells compiled by Atkinson et al. is presented in Table 3 [22]. 
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Material 
Electronic 
conductivity
8
 
[S cm
-1
] 
Ionic 
conductivity 
[S cm
-1
] 
Oxygen 
diffusivity 
[cm
2
 s
-1
] 
Redox 
stability
9
 
Polarization 
resistance
10
 
TEC  
[10
-6
 K
-1
] 
CeO2 0.1-0.2 1∙10
-6
 XX ** 12  
Zr1-x-yTixYyO2 0.1 1∙10
-2
 - ** * 10 
La0.8Sr0.2Cr0.95Ru0.05O3 0.6 Low - * ** 10 
La0.8Sr0.2Fe0.8Cr0.2O3 0.5 - 1∙10
-8
 * ** 12 
La0.25Sr0.75Cr0.5Mn0.5O3 3 - - ** *** 10 
Sr0.86Y0.08TiO3 80 Low - *** * 11-12 
La0.33Sr0.66TiO3.166 40 Low - *** *,***
11
 10 
Nb2TiO7 200 Very low - X - 1-2 
Gd2Ti(Mo,Mn)O7 0.1 Reasonable - XXX * - 
Table 3. Summary of properties of some potential oxide anode materials at 800 °C under 
reducing conditions (partial oxygen pressure approximately 10
-20
 atm) [22]. 
The required conductivity is often assumed to be ~100 S cm
-1
, however, the exact value depends on 
the cell design and in some cases the acceptable value can be as low as 1 S cm
-1
 [22]. The main 
parameters defining the actual conductivity requirement are the current collector material, thickness 
and porosity of the support. The target of final property/design compromise is to maintain losses 
below 0.1 Ω cm2 [22]. Ionic conductivity prerequisite is assumed to be 0.1 S cm-1 [19]. 
The field of SOFC mechanics has become an important part of research activities after the first 
mechanical disintegrations of operated SOFCs were observed. Some post-operation reports defined 
Ni oxidation to be responsible for cell rupture [28]. Macroscopic fracture is usually observed when 
local stresses overcome the stability limit of the support layer. Even if a SOFC is macroscopically 
not cracked the electrolyte layer can experience multiple cracking (Figure 10) and the performance 
of the cell decreases. 
Since fracture initiation depends on the balance of strength and induced stresses, the issue of 
material suitability from the mechanical point of view is defined by the mechanical properties that 
are required to understand and simulate loading cases are fracture stress, Young’s modulus, 
Poisson’s ratio, etc. that can be then used as a basis for an analytical or numerical assessment of the 
loading situation. These properties have to be known for the entire operation relevant temperature 
range starting from room temperature (≈ 20…25 °C) up to the sintering temperature 
(≈1200…1400 °C, depending on the fabrication process). However, in some cases the upper limit of 
mechanical property assessment is shifted down to the operation temperature (~700-800 °C 
depending on the SOFC concept and configuration), assuming that stresses at higher temperatures 
are relaxed (or if the residual stress state at room temperature is already known). 
                                                 
8
 Should only be considered as a rough guide as factors such as partial pressure of oxygen, density and microstructure 
are not standardized. 
9
 *** excellent to XXX very poor 
10
 These values are strongly dependent on microstructure. and will vary between different laboratories, as an indication 
values are ,**** < 0.1 Ω cm2, *** 0.1–0.3 Ω cm2, ** 0.3–1 Ω cm2, * 1–10 Ω cm2 
11
 High performance for composite with ceria 
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Figure 11. Anode-supported cells (viewed from the cathode side) after failure because of 
oxidation [28]. 
1.3 Motivation of the present work 
The main focuses of the current work were mechanical stability aspects of two fuel cell concepts 
with particular emphasis on the reoxidation problem. 
An intuitive solution of the previously described redox problem for cermet anodes was the 
removal/exchange of the Ni particles. A full-ceramic concept was established for this purpose. 
However, the removal of the Ni particles from the cermet anode would inhibit the chemical activity 
of the functional anode layer. Therefore infiltration techniques were used as an additional option to 
enhance the full-ceramic concept. This impregnation did not affect the mechanical behavior of the 
cell due to the negligible thickness of the impregnated component. Hence, from the mechanical 
point of view the cell was considered to be a pure ceramic structure [29]. 
Another solution for the reoxidation problem was to reduce the thickness of the apparently 
problematic anode layer and add a substrate that should provide the robustness of the cell and partly 
absorb the stresses induced during the oxidation/reduction. These points ended up in the 
development of a metal-supported concept, where a high-chromium containing (i.e. high 
temperature corrosion resistant) porous alloy was used as substrate for the cell. 
1.3.1 Reoxidation stable full-ceramic concept 
Here, the SOFC was based on a planar anode-supported concept, where the anode active layer and 
anode substrate were composed of identical materials. Strontium titanate (SrTiO3) was chosen as 
starting anode material (anode active layer and anode support). Different doping elements (yttrium, 
niobium, lanthanum, calcium) were introduced to improve the conductivity of the anode active 
layer and anode substrate [30]. The anode material investigated within the current work was 
yttrium-doped strontium titanate (Y-SrTiO3-δ). A sketch of the concept is given in Figure 12. 
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Figure 12. Schematic of the full-ceramic redox stable concept. 
In this case obviously the rather thick anode substrate governed the mechanical behavior of the fuel 
cell. The absence of Ni particles in the anode structure was supposed to improve the reoxidation 
tolerance of the cell (no reoxidation-induced stresses corresponding to the coarsening of the Ni 
particles). However, the pure ceramic anode structure would negatively affect catalytic activity. 
Ni/CeO2 infiltration was applied to the anode to improve the electronic conductivity (Ni) as well as 
the ionic one (CeO2). The infiltration material was deposited as a thin layer of Ni/CeO2 mixture (at 
the order of hundred nanometers) that has a large surface-to-volume ratio. A large surface area 
provided high catalytic activity and fast reduction-oxidation kinetics, whereas the relatively low 
infiltration materials’ volume inhibited the problem of Ni coarsening and expansion from the 
mechanical point of view. 
The advantage of the concept from the mechanical point of view was the usage of the same material 
for the anode active layer and the cell substrate, i.e. TEC compatibility, adhesion between the layers 
and their chemical compatibility were not problematic. On the other hand, Ni/CeO2 incorporation 
posed challenges in the development of infiltration techniques (homogeneous deposition of the thin 
layer is required). The long-term high-temperature behavior of the infiltrated layer definitely affects 
the cell performance and should be taken into account. However, this point is not investigated 
within the current work. 
1.3.2 Reoxidation stable metal-supported concept 
The metal-supported concept that was introduced above was another attractive possible solution for 
the redox problem. Additionally, the strong foundation in metallurgy knowledge could simplify the 
production process and move the SOFC concept closer to the market. A sketch of the concept is 
presented in Figure 13. 
 
Figure 13. Metal-supported SOFC redox stable concept. 
In this case the metal substrate provided the mechanical stability of the cell. Large failure strains 
(ultimate tensile strain of metals in comparison to the elastic failure strain of ceramic materials) of 
the metallic support would keep the cell mechanically tolerant to the external (vibrations) and 
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internal (heating/cooling thermal cycling, redox expansion/contraction cycling) loadings. The 
ITM™ alloy produced by Plansee SE was chosen for the cell fabrication as porous metallic substrate 
(thickness ≈ 1 mm) due to its suitable TEC, electrically conductive oxide scale, long-term corrosion 
stability at operation temperature, high porosity and finely porous surface [31]. The graded Ni-
8YSZ anode (≈ 60 µm) as presented in Figure 14 consisted of a thick (≈ 50 µm) substrate layer that 
provided its local mechanical stability and anode active layer with a higher Ni content that acted as 
chemically active site. The dense thin (≈ 5 µm) 8YSZ electrolyte would give a possibility to have 
acceptable ionic conductivity at rather low operation temperatures (700…750 °C). LSCF material 
was chosen for the cathode layer. 
 
Figure 14. Metal-supported SOFC with the graded anode consisting of anode substrate and 
anode active layer. 
An additional advantage of the metal-supported concept was the simplified cell joinability to other 
stack components (properties of metal-to-metal joints could be well-controlled). 
1.3.3 Comparison of full-ceramic and metal-supported concepts 
The support is the main component of the cell from the mechanical point of view. Therefore, the 
comparison of the concepts should be based on a comparison of the way how do the ceramic and 
metal materials respond to the stresses induced during the oxidation/reduction. 
The full-ceramic concept seems to be the optimal solution for the redox problem as long as the 
substrate itself does not expand during the oxidation. This can be an issue for the Y-doped 
strontium titanate, since the material is produced in reduced state to achieve a higher electronic 
conductivity that implied its oxygen deficiency: Y-SrTiO3-δ. Another point to be considered is the 
inherent brittleness of ceramic materials that leads to a low tolerance to extrinsically induced strains 
(e.g. SOFC stack thermal expansion during the operation) and requires the avoidance of the bearing 
load applications onto the cell itself (stack design issue). 
The metal-supported concept requires a lower anode thickness (60 µm) compared to the anode-
supported one (200-300 µm). This results in lower stresses induced by the anode 
oxidation/reduction. Another aspect to be considered is the above mentioned large failure strain 
typical for metallic materials (elastic and plastic strain). That would protect the CEA layers from 
failure by the external (vibrations and/or stack frame expansions) and internal (heating/cooling 
thermal cycling, redox expansion/contraction cycling) loads. However, adhesion and high-
temperature chemical reactions between the metallic support and the graded anode pose more 
challenges for which a solution needs to be found. 
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Hence it can be summarized that, both full-ceramic and metal-supported concepts have advantages 
and disadvantages. However, the critical points of the concepts mentioned above require testing and 
verification to make a sound comparison of the concepts. This can be done with a comprehensive 
stress state analysis of the full-ceramic and metal-supported structures in as-produced and in-
operation states. 
Stress state analysis along with the mechanical properties yields information on the integrity 
behavior of the fuel cell. Stack testing is a time consuming and expensive procedure. Therefore, 
industrial enterprises tend to simulate and predict the behavior of the fuel cell before testing and 
optimize it. Such simulations save resources and time needed for product optimization before it 
becomes ready for the market. Simulations of mechanical stresses require mechanical properties of 
the corresponding SOFC layers and components. 
A subtask of the current study is to assess the failure relevant mechanical properties of the 
component materials and mechanical stability of both, full-ceramic and metal-supported, designs. 
Partly the data obtained from experimental procedures and literature reviews were used in analytical 
and finite element (FEM) analyses. Since it is not always possible to determine representative 
material properties, especially in the complex layered arrangement of a metal substrate supported 
cell, the development of a model that permits to estimate effective properties of porous materials 
(equivalent dense material with the bulk properties of the porous one) was compulsory for the study 
(effective FEM simulation). 
In this respect, necessary mechanical properties were  
 elastic moduli as a function of temperature, which served as input in analytical and finite element 
stress simulations,  
 chemical and thermal expansion (if not available), that also directly entered the estimations of 
mechanical loads, 
 fracture stress (characteristic strength) and Weibull modulus that permitted to estimate the failure 
probability, 
 creep behavior which was of crucial importance for the long-term structural stability of the 
components, 
 supporting thermal gravimetric analysis (TGA), differential thermal analysis (DTA) and 
microstructural investigations using light, confocal and scanning electron microscopy, 
 fractographic information aided the understanding of the underlying failure mechanism. 
The final step was the simulation and comparison of full-ceramic and metal-supported concepts 
with the corresponding effective material properties. The comparison was performed for the case of 
completely homogeneous oxidation of the Ni-8YSZ graded anode in the case of metal-supported 
fuel cell and SYT anode and substrate for the full-ceramic fuel cell. 
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2 Mechanical characterization of SOFC 
materials 
Typically a SOFC is exposed to a broad temperature range: starting from the room temperature after 
manufacturing (or operational stops) up to 1000 °C in steady-state operation for electrolyte-
supported concept. Therefore, such a multilayered structure experiences large stresses due to the 
TEC mismatches of the components. Previously mentioned chemical expansion effects might 
induce additional stresses to the SOFC configuration. Local overheating at TPBs is another source 
of supplementary stresses. The immediate response of the materials to the stresses can be 
comprehensively described with linear elastic behavior. Besides, long-term operation of SOFCs 
require the consideration of creep and subcritical crack growth within the CEA components [32]. 
2.1 Grain size classification 
The effect of grain size on mechanical properties is a well-known fact and was detected quite long 
ago and is especially important in the current context for creep of the metallic material [33]. 
Furthermore, a general trend is a decrease of materials’ low-temperature strength with increasing 
grain size [33]. Therefore, grain size determination and classification was of great importance for 
the investigated materials. 
Kottler observed that the grain size distribution (as the result of grain growth process) can be well 
described by the log-normal distribution (sometimes referred as Galton distribution) [34].  
During sintering, grain growth starts at a particular random moment. For example, if the grain 
growth starts after 15 minutes in a furnace at 1300 °C and the entire sintering duration is 2 hours, 
then total duration of the grain growth process is 1 hour 45 minutes and the final grain size is 20 µm 
in terms of equivalent sphere diameter (for the simplicity of explanation it is assumed that the grain 
shape is spherical instead of tetrakaidecahedron). A key influence on the grain size is the duration 
of the grain growth process, i.e. the onset of the growth process. The onset moment is random (after 
12, 13, 16 etc. minutes) and can be described by the normal distribution (Gaussian). As in any 
growth process, the growth rate can be described by the following equation: 
 
  
  
     ( 7 ) 
Where x is the growing quantity, t is the time, k is the growth constant. The solution of the 
differential equation connects the growing quantity with time: 
   
   
 
 
   
 
 ( 8 ) 
Where x is the growing quantity, t is the time, k is the growth constant and A is the integration 
constant. 
Note that time t is the onset moment of the grain growth which is random and normally distributed. 
The growing quantity x is the grain size within the discussed problem. Since k and A are constants, 
equation ( 8 ) is interpreted as: natural logarithm of x (grain size) is normally distributed (time t has 
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Gaussian distribution), i.e. the grain size should follow the log-normal distribution. Generally, the 
probability density function (PDF) of the distribution has the following form: 
  ( )  
 
  √       
 
     ( 
(       )
 
     
 ) ( 9 ) 
Where f(x) is the probability density function, x is the variable (grain size),     and     are the mean 
and standard deviation of the variable’s natural logarithm. 
2.2 Linear elastic behavior 
Contrary to metallic materials, ceramics usually deform in the linear elastic region up to fracture. 
Therefore, the well-known Hooke’s law can be used for the analysis of material’s mechanical 
behavior. 
       ( 10 ) 
where   is the stress value,   represents the Young’s modulus (sometimes called “modulus of 
elasticity”) and   the strain. Elastic modulus defines the materials’ deformation under applied loads. 
Low values correspond to compliant materials (e.g. polymers, some soft metals), while high values 
are typical for stiff materials like steels, ceramics and diamond. The property value cannot be 
defined as “good” or “bad” separately from the application. For some cases high flexibility (low E) 
is required, whereas for others high rigidity is a must. 
Testing usually requires particular specimen geometries. In general, ceramic probes can be 
produced in such geometries, however, the inherent brittleness of ceramics does not allow 
appropriate fixation and testing of the samples especially in tensile testing jigs (local chipping and 
destruction may occur). Therefore, alternative methods are used to determine the Young’s modulus 
and fracture stress of ceramics. 
The frequently used biaxial ring-on-ring bending test has both advantages and disadvantages in 
comparison to other techniques. It is reported to be insensitive to edge finishing [35]. However, 
possible unevenness and frictional events (e.g. sliding) can lead to data artifacts and 
misinterpretation. Stress distribution is symmetrical and homogeneous around the center of disc-
shaped specimen. Stresses across the disc thickness vary from compressive (at the loading-ring 
side) to tensile (at the supporting-ring side). Fracture stress and elastic modulus values are 
calculated via equations listed in subsection 4.4.1 “Ring-on-ring test”. 
The uniaxial three-point bending test is another commonly used technique for the determination of 
   and   in the case of ceramic materials. Its configuration allows precise localization (and 
observation) of the tensile-loaded zone under the loading roll. Tested samples should be 
manufactured in the form of bars or strips. All corresponding sample and jig dimensions are 
described in subsection 4.4.2 “Three-point bending test”. 
Uniaxial four-point bending test is similar to the previously described three-point bending. A larger 
specimen volume is loaded within this testing arrangement that permits higher precision in Young’s 
modulus and especially strength determination. All corresponding sample and jig dimensions are 
described in subsection 4.4.3 “Four-point bending test”. 
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The microindentation test is widely used for Young’s modulus measurements. Its main advantages 
are the fast experimental processing and the absence of geometry restrictions. However, the small 
volume deformed during indentation limits the application of results, i.e. material has to be 
concerned as homogeneous. Typically, strength determination is not possible via microindentation. 
Impulse excitation technique (IET) is a non-destructive test limited to elastic modulus 
measurement. It is based on the natural frequency of tested specimens. Its non-destructiveness 
resulted in its widely-spread application for high-temperature elastic modulus measurements. The 
method requires fast passive data acquisition that allows the determination of a quasi-continuous 
Young’s modulus - temperature dependency. 
2.3 Creep behavior 
Creep is defined as irreversible deformation under constant load typically occurring at temperatures 
higher than half of the melting temperature [36]. It depends on stress, time, temperature, grain size 
and shape, microstructure, volume fraction, etc. in a complex way [36]. Examples of typical tensile 
creep curves are presented in Figure 15. 
 
Figure 15. Typical stress vs. time creep curves (a). Effect of increasing stress and/or 
temperature on the creep response of the material (b) [36]. 
Creep response can be divided into 3 regions: primary, secondary and tertiary. Secondary creep is 
the most important one in terms of lifetime predictions, since this region often represents the 
longest part of the component during its exploitation. The secondary creep rate depends on many 
factors. This complex dependence can often be represented mathematically in a general form as 
[37]: 
  ̇           
         ( 
  
   
) ( 11 ) 
Where   represents an empirical constant,   grain size,   grain size exponent,     oxygen partial 
pressure,   oxygen pressure exponent,   applied stress,   stress exponent,    apparent activation 
energy,   gas constant and   the absolute temperature. 
By now several creep mechanisms are known for ceramic materials. Experimentally observed creep 
behavior is a multiple product of all the separate mechanisms: diffusion (Nabarro-Herring and 
Coble), viscous flow and dislocation motion [36]. 
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For metals creep is well studied and the main mechanisms responsible for creep are grain boundary 
sliding, volume diffusion, grain boundary diffusion and dislocation creep (climbing and cross-slip). 
Basing on this knowledge, highly creep resistant single crystal superalloys were developed for 
energy applications (e.g. turbines) [36]. 
Diffusional creep is governed by the gradient of vacancy concentration within the material. Tensile 
regions have higher vacancy concentration than the compressive ones. This results in atomic fluxes 
in opposite direction, i.e. from compressive regions to the tensile [36]. These fluxes occur either 
through the bulk material or along the grain boundaries. Nabarro-Herring type (through bulk 
material) is typical for coarse-grained materials and dominates at higher temperatures [36, 38, 39]. 
Coble type (grain boundary diffusion) is common for fine-grained ceramics [40]. 
Viscous creep (also called “grain boundary sliding”) is controlled by the viscous flow of glassy 
phases presented in many structural ceramics. The creep rate is in that case proportional to the cube 
of the volume fraction of the boundary phase and its intrinsic (bulk) viscosity [36]. 
Dislocation creep is governed by the diffusion assisted motion of the dislocations through the 
crystal lattice. This type of creep is typical for metals [36] and usually not relevant for ceramics. 
Each creep mechanism has its unique combination of exponents       (equation ( 11 )) that can be 
determined via varying grain size, oxygen pressure or stress, respectively, keeping the other factors 
fixed. In some cases the oxygen partial pressure is irrelevant (   ), i.e. if oxygen ions are not 
involved in the creep mechanism. The creep mechanisms along with the corresponding creep 
exponents are summarized in Table 4. 
Within this thesis the creep rate is determined as a function of stress and the stress exponent   is 
calculated. 
The creep rate – stress dependency is often described by Norton-Bailey relationship  
  ̇       ( 12 ) 
where A and n are constants. For n > 1 creep is referred to as power law creep. Equation ( 12 ) is a 
particular case of equation ( 11 ), where A includes the grain size, oxygen pressure, activation 
energy and temperature contributions along with the empirical constant. 
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Creep mechanism     Diffusion path 
Dislocation creep mechanisms    
Dislocation glide climb, climb controlled 0 4-5 Lattice 
Dislocation glide climb, glide controlled 0 3 Lattice 
Dissolution of dislocation loops 0 4 Lattice 
Dislocation climb without glide 0 3 Lattice 
Dislocation climb by pipe diffusion 0 5 Dislocation core 
    
Diffusional creep mechanisms    
Vacancy flow through grains (Nabarro-Herring) 2 1 Lattice 
Vacancy flow along boundaries (Coble) 3 1 Grain boundary 
Interface reaction control 1 2 Lattice/grain boundary 
    
Grain boundary sliding mechanisms    
Sliding with liquid (viscous creep) 3 1 Liquid 
Sliding without liquid (diffusion controlled) 2-3 1 Lattice/grain boundary 
Table 4. Creep equation exponents and diffusion paths for various creep mechanisms [41]. 
2.4 Material failure 
2.4.1 Ceramic materials 
Ceramic materials fail within the region of linear elastic deformation once one of the principal 
stresses overcomes the fracture stress. The fracture stress is typically determined via bending tests 
(ring-on-ring, three-point or four-point bending) and usually reveals a rather high scatter within the 
tested batch. This scatter is partly a product of experimental data scatter (measurement error, 
uniqueness of every specimen geometry etc.). However, it is mainly related to the presence of 
defects associated with the production process, machining of the specimens etc. Larger defect sizes 
lead to a lower fracture stress measured for a single specimen. If all tested specimens would have 
the same defect size, the fracture stress would have basically no scatter. The defect-related scatter 
depends on the defect size distribution and can be quantified via Weibull statistical analysis and 
then used to evaluate the materials’ failure probability. A set of fracture stress values can often be 
described by a two-parameter Weibull distribution [36]. 
  ( )   ( )        (   ) ( 13 ) 
Where  ( ) is the frequency distribution function,   is an independent variable and represents the 
ratio of individual fracture stress    to the characteristic strength      ,   is the distribution shape 
factor (Weibull modulus). Hence, the failure probability can be expressed as 
           (
  
     
)   ( 14 ) 
The Weibull modulus is the measure of material microstructural uniformity, including flaws, grain 
size and inclusions [36]. Higher m values are typical for reliable and reproducible fabrication 
techniques. Higher flaw size scatter lowers the Weibull modulus value. Typical engineering 
ceramics have low Weibull moduli (mAl2O3 = 8…20; mZrO2 = 10…15), whereas brittle steels and 
cast iron have high values (mcast iron ≈ 40; msteel ≈ 100) [42]. 
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In the current work, the statistical analysis is based on linear regression. For a given set of n fracture 
stress values Weibull analysis consists of several steps. Firstly, the strength values are ranked in 
ascending order and each value obtains its ordinal   number. Secondly, the failure probability for 
every failure strength value is set in the form of the estimator [43]. 
    
     
 
 ( 15 ) 
This form of estimator is recommended for the cases where      [44]. Nevertheless, it is also 
used for smaller batches in order to have comparable data sets obtained with the same method. 
Finally, the failure probability dependence on the stress value is plotted in the form of    (  
 
    
) 
vs.     . The coefficient of the linear fit of the plot is equal to the Weibull modulus. 
Experimental results obtained in mechanical tests can be used for the estimation of characteristic 
strength for specimens of larger or smaller size. The upscaling/downscaling calculations are 
performed based on the materials volume (or surface area) increase/decrease, respectively [36]. 
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Equation ( 16 ) is valid for materials with volume defects responsible for the fracture, whereas 
equation ( 17 ) is used for materials with surface-originated fracture modes (for example surface 
defects or cutting edges). 
2.4.2 Metallic materials 
Metallic materials mostly reveal, contrary to ceramics, additionally to the elastic deformation a 
plastic deformation before rupture. The onset of plastic deformation is of particular interest for the 
stress analysis, since plastic deformation results in remaining changes of initial geometry and 
affects the further stress distribution within the system and its mechanical stability. Therefore, the 
onset of plastic deformation is often considered as component failure. 
The stress value that defines the onset of plastic deformation is called yield strength σy, however, in 
reality this transition from elastic to plastic region is very difficult to detect and an equivalent has to 
be found. A typical value used to characterize the onset of plastic deformation is σ0.2 that is the 
point when the non-elastic strain of the material after loading reaches a value of 0.2 %. 
2.5 Fractographic investigations 
During mechanical testing any loaded sample absorbs energy from the loading equipment leading to 
stress within the tested specimen. At the moment of fracture the local stress overcomes the failure 
stress and a crack starts to propagate influencing both overall and local stress distributions within 
the material leading also to secondary crack propagation. Via this failure process all elastically 
stored energy is released. 
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The local stress distribution can be perturbed by the presence of local structural defects: voids, 
cracks, surface machining defects etc. Such imperfections sometimes drastically reduce the strength 
[45, 46]. Therefore it is of vital importance to find the largest defects within batches of produced 
samples in order to improve the production process and increase the materials’ strength. 
A first step of fractographic investigation to is a fracture pattern classification: low-energy or high-
energy failure. Low-energy fracture patterns are typically characterized by a small number of 
fractured pieces (≤ 4), corresponding to the lowest measured stress and the largest structural defects. 
On the contrary, high-energy fracture patterns commonly contain ≥ 7 broken pieces, corresponding 
to the highest measured stress and the smallest defects. Fracture patterns with 5 or 6 fractured 
pieces are referred as intermediate-energy. 
Larger defects are more clearly visible and easy to find during the fractographic investigations. 
Therefore broken pieces of the sample with low-energy fracture patterns were investigated within 
this work. Another indication for the analysis of the samples with low-energy fracture patterns is 
their lowest stress, i.e. failure origin definition of the weakest samples would lead to the removal of 
the largest defects (via production process optimization) and the next produced batch would have 
higher a characteristic strength and Weibull modulus. 
Another important point to be characterized during a fractographic analysis is the mode of fracture: 
transgranular of intergranular. Intergranular fracture mode implies that the grain boundaries are the 
weakest zone of the material and further improvement of the grain boundaries could lead to an 
increase of strength and even to a switch of the fracture mode to transgranular [47]. Temperature 
behavior of the grain boundary strength is also of particular interest, since in some cases the grain 
boundaries soften at elevated temperatures which could lead to a transgranular-to-intergranular 
mode transition with increasing temperature [48]. 
In this work fractographic investigations were performed with light optical microscope, stereo 
microscope, laser confocal microscope and scanning electron microscope. 
2.6 Porosity dependence of mechanical properties 
Empirical and semi-empirical models 
First attempts to link the mechanical properties with porosity were done by Duckworth via a 
dependence of the materials strength on the porosity [49]: 
          (    ) ( 18 ) 
where   is the effective material strength,    the strength of the material with 0 porosity, P the 
porosity, b can be derived as the slope of the ln   vs. P curve. This relationship didn’t hold for 
porosities higher than 0.5. 
Knudsen specified the values of the exponent b for the same equation ( 18 ): for cubic packing of 
grains b = 6, for rhombohedral b = 9) [33]. 
Spriggs used the exponential form suggested by Duckworth [49] applying it to Young’s moduli [50] 
          (    ) ( 19 ) 
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The equation was used to fit the available data for materials with low and moderate porosity (P = 
0.011…0.37) and showed a good agreement between experimental results and exponential fit. Rice 
modified and extended the application of the equation ( 19 ) to higher porosities [51]: 
      (      (   (   )) ( 20 ) 
However, the main weak point of both Spriggs’ and Rice’s model is the failure of boundary 
condition satisfaction at P 1 and P 0, respectively. 
An extension of Spriggs’ equation in its original form was worked out by Wang [52]. An 
approximated solution with a quadratic exponent was proposed: 
          ( (       
 )) ( 21 ) 
The second-order term introduced by Wang improved the accuracy of calculated effective Young’s 
modulus within ± 2 % throughout the porosity range from P = 0 to P = 0.38 and demonstrated a 
precise fit for porosities from 0.05 to 0.43 for Al2O3 [52]. 
Another empirical approach to describe porosity dependence of the mechanical properties was made 
by Phani et al. [53] with an improved power-law Young’s modulus – porosity dependence [54]: 
      (     )
  ( 22 ) 
where a and n are material constants. From the mechanical point of view a can be described as a = 
1/Pcrit, where Pcrit is the critical porosity at which the Young’s modulus becomes zero. 
The most simple empirical equation was introduced by Fryxell and Chandler [55] 
      (     ) ( 23 ) 
where b is an adjustable constant. Its simplicity resulted in wide application of this relationship to 
many experimental data sets. However, it should be mentioned, that all the data fitted with the 
linear relationship addressed porosities of less than 0.2. 
Theoretical models 
Another branch of the investigations dedicated to the porosity influence on mechanical properties 
was the development of a proper theoretical model with corresponding equations and physical 
background. 
The empirical exponential fit (equation  ( 19 )) received some criticism from Hasselman [56], who 
figured out that one of two boundary conditions was not satisfied. The first one (     at P = 0) 
held, while the second one (    at P = 1) failed. A new approach was proposed based on 
Hashin’s derivation [57] of elastic moduli for heterogeneous materials (the bulk material consisted 
of numerous units, every unit was made of material 1 e a core of material 2) with an assumption 
that the second phase is the porosity of material, i.e. E2 = 0. The model was called “Composite 
Sphere Method” (CSM). 
      (  
   
  (   )   
) ( 24 ) 
where A is an experimental constant. Hasselmans equation satisfied both boundary conditions and 
could be used for P ϵ [0;1]. The weakness of the model was a hypothetical assumption used by 
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Hashin that each composite sphere experienced the same pressure. This assumption is valid only in 
the case of similar Young’s moduli values of both phases, where one phase is here the pore [58]. 
Taking into account this shortcoming of Hashin’s model, Ramakrishnan and Arunachalam adapted 
it to the case of porous material. Solving general equations for effective bulk and shear moduli (K 
and G respectively) in tensor form in spherical coordinates the authors obtained the following 
relationship for the effective Young’s modulus E [59]. 
      
(   ) 
     
 ( 25 ) 
where b is a function of Poisson’s ratio v:        . 
The main advantage of this approach is the absence of fitting factors, i.e. the Young’s modulus – 
porosity dependence is completely a function of material properties. 
The next advance in modeling of porosity influence was the introduction of pore shape, morphology 
and orientation to bring the models closer to reality. Basing on the previous work of Fan [60], 
Boccaccini adapted the dependence of electrical conductivity of a two-phase material on phase 
content to the Young’s modulus of porous materials [61]. 
      
(   )   
  (   )   
 ( 26 ) 
where R is the pore size ratio defined as R = dp/dmat with dp and dmat are the sizes of pores and 
material grains, respectively (determined as mean intercept length). However, this dependence 
requires a massive data collection and analysis (hundreds of grains and pores) for a statistically 
reliable determination of R. 
Comparison of the porosity models 
Such a large number of derived porosity dependencies for the mechanical properties leads to the 
problem to choose the most appropriate fitting approach. The first factor that determines further 
application of any relationship in this work is its applicable porosity range. Materials used in SOFC 
usually require a porosity ≈ 0.3 for the backbone application and ≈ 0.2 for the active zone (anode or 
cathode). In the case of cermet anode materials all the porosity is present in ceramic part since the 
metallic particles are enclosed in a ceramic network, i.e. the real porosity of ceramics is higher than 
0.3 for the anode backbone part. Therefore a desired porosity model should have a satisfactory fit 
up to porosities of 0.4. 
Equation ( 20 ) describes only higher porosities (from 0.5 to 1) and can be excluded from the further 
analysis. The equation ( 21 ) proposed by Wang is an extended version of Sprigg’s dependence that 
allows its usage at intermediate porosities (up to P = 0.38), therefore equation ( 21 ) should be used 
as representative for exponential dependencies of the mechanical properties on porosity. 
Additionally, a short comparison of the Wang equation to Sprigg’s and Hashin-Hasselman revealed 
that the equation proposed by Wang fitted the available data better than the other two [62]. The 
relationship proposed by Phani and Niyogi has no porosity limit in its application and was used as 
the representative for power-law dependencies.  
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Hashin-Hasselman’s non-linear dependency ( 24 ) for 2-phase materials has a vital approximation 
that fails for porous materials: similar elastic moduli for both phases. Hence, this equation is not 
suitable and was not analyzed further. 
Fitting several data sets with equation ( 26 ) Boccaccini came to the conclusion that the best fits 
were obtained with R = 0.4 or 1.0. However, no clear relationship was found between R and the 
amount of porosity indicating that R should be determined in each case from metallographic 
investigations, i.e. it appeared to be a materials’ constant. An important observation is that for the 
case R = 1.0 equation ( 26 ) transforms into a simple second-order power dependence equal to the 
equation ( 22 ) with a = 1 and n = 2. Another essential point is that equation ( 25 ) is equal to 
equation ( 26 ) if   (   )  . For further comparison of the Ramakrishnan-Arunachalam type, 
equation ( 25 ) was taken as a representative for non-linear dependencies. A summary of Young’s 
modulus - porosity dependencies is given in Table 5. 
Type (name) Equation Number Source 
Exponential (Wang)          ( (       
 )) ( 21 ) [52] 
Power (Phani and Niyogi)      (     )
  ( 22 ) [54] 
Linear (Fryxell and Chandler)      (     ) ( 23 ) [55] 
Non-linear (Ramakrishnan and 
Arunachalam)      
(   ) 
     
 ( 25 ) [59] 
Table 5. Valid porosity dependencies of Young’s modulus. 
Some preliminary comparison of the aforementioned models should be taken into account. Dean 
and Lopez [63] completed a comprehensive analysis of 27 data sets (Al2O3, Dy2O3, Er2O3, Gd2O3, 
Lu2O3, MgO, MgAl2O4, Sm2O3, ThO2, Y2O3, Yb2O3) covering porosities from 0.02 to 0.5 (with the 
majority about 0.25-0.4) and analyzed them by the means of linear (Fryxell), exponential 
(Sprigg’s), non-linear (Hashin-Hasselman) and 2/3-power equations. The corresponding fits were 
compared using three parameters: goodness of fit (estimate for the standard deviation), zero-
porosity moduli (relative deviation of fit-determined elastic constants from the Voigt-Reuss-Hill 
average
12
) and self-consistency (calculation of bulk moduli K and Poisson’s ratios v from fit-
obtained E0 and G0 with their further comparison to VRH values). According to the results of the 
analysis the simplest linear equation (equation ( 23 )) showed the best fit for all three parameters 
(goodness of fit, zero-porosity moduli deviation and self-consistency). 
Phani and Niyogi compared fits by equations ( 19 ), ( 21 ), ( 22 ), ( 23 ) and ( 24 ) based on the 2 
factors: standard error and deviation of E0 value from the Voigt-Reuss-Hill average. Equation ( 22 ) 
demonstrated the best fit of the available 4 data sets within a porosity range of up to ≈ 0.5. 
Concluding the literature study, the best available fits were provided by the equations ( 22 ) and       
( 25 ) (Phani-Niyogi and Ramakrishnan-Arunachalam, respectively). A further step can be to 
perform a comparison based on several data sets by using reliability criteria. The criteria used for 
such an analysis can be: 
1) R-squared parameter (for the case of Young’s modulus): 
                                                 
12
 VRH average is a relation between the elastic moduli of a polycrystalline material and the elastic constants for a 
single crystal 
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∑ (              )
 
 
∑ (             )  
 ( 27 ) 
where         – data point of the i-th measurement,        – corresponding point of the fitting 
curve,       – mean value of all the measurements (      ∑        
 
   ). An ideal fit 
should have R = 1. 
2) Pearson’s χ -squared parameter (for the case of Young’s modulus): 
    
∑ (              )
 
 
      
 ( 28 ) 
An ideal fit would result in χ = 0. 
Both Young’s modulus and strength dependencies on porosity were analyzed within the current 
work. The results are presented in subsections 5.1.2 and 5.1.6. 
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3 Investigated materials – literature review 
Nakajo et al. performed a detailed compilation of data of SOFC materials (anodes, electrolytes, 
cathodes) [64]. However, within the frame of this work also a model for the prediction of 
mechanical properties should be developed for the particular materials (e.g. to characterize the 
effect of a change in Ni-content or porosity for the anode). Therefore, the data from Nakajo et al.’s 
paper were converted into one class (e.g. recalculation of the Ni content in as-produced Ni-8YSZ 
anode basing on the NiO content in the starting anode powder) and then used for the prediction 
model. The outcome of literature survey is a tool for material property prediction for any desired 
composition. Some specific materials (SYT ceramics, ITM alloy) have not been characterized 
comprehensively yet and their property determination was also a focus of the current work. 
Porosity dependence of the Young’s modulus and characteristic strength within this part of the 
thesis were calculated based on the equation ( 22 ) with the a and n parameters set equal to 1.7 and 
1.3, respectively, as described in the subsection 5.1.2. 
3.1 Cell-support materials 
3.1.1 SYT – Y-doped strontium titanate (Sr0.895Y0.07TiO3-δ) 
Y-doped strontium titanate was selected as base material for anode active layer and anode support 
within the SCOTAS-SOFC project due to its satisfactory electric conductivity in as-sintered and 
redox cycled reduced states [30, 65]. 
The only mechanical data available was the porosity dependence of bending strength for the SYT 
material [66, 67]. Therefore, the missing mechanical properties to be determined for the material 
were: 
 Young’s modulus as a function of temperature and porosity 
 Strength as a function of temperature 
 Poisson’s ratio as a function of temperature 
 Thermal expansion coefficient 
 Creep behavior 
The results are given in subsection 5.1. 
3.1.2 ITM – high-chromium Fe-based alloy 
ITM™ alloy is a product of Plansee SE. Its reported high-temperature corrosion resistance is an 
advantage for SOFC applications as mechanical support [18]. The metallic support is supposed to 
sustain all mechanical loads during the production process, high-temperature operation, 
maintenance, etc. Therefore, the mechanical properties of ITM should be known for the typical 
SOFC operation temperature range (from room temperature to 800 °C). 
The ITM alloy is used in a MSC SOFC stack as interconnector, upper and lower plates as well as 
cell substrate. The cell substrate needs to have a high porosity in order to provide the fuel supply to 
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the anode active zone, while interconnector and other structural components should be completely 
dense. Therefore, material properties should be assessed for both the dense and the porous states. 
Both grades were available for the determination of the unknown mechanical properties. 
Some data was already available from Plansee SE, e.g. stress-strain curves at room temperature for 
dense ITM alloy (Figure 16). 
 
Figure 16. Stress-strain curve obtained from tensile test of dense ITM alloy at room 
temperature in air [68]. 
The Young’s modulus was calculated to be 198 GPa from the slope of the elastic region. However, 
further FEM simulations require the elastic moduli within the whole SOFC temperature range (RT 
– 800 °C). The corresponding measurements were performed within this work. 
The technical thermal expansion coefficient was previously measured (with respect to the RT) in air 
from 300 °C to 900 °C. A plot is presented in Figure 17. 
 
Figure 17. TEC of dense ITM alloy between 300 °C to 900 °C (RT reference) [68]. 
The last set of available data covered creep results for dense ITM and was supplied by Plansee SE 
as the reference for further creep tests of the porous ITM grade. The measurements were performed 
at operation-relevant temperatures and the results are summarized in Figure 18. The data points 
were fitted into a power law to determine the stress exponent n from the Norton-Bailey relationship 
(equation ( 12 )). 
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Figure 18. Creep rate of dense ITM alloy at 650 °C, 750 °C, 800 °C and 850 °C [68]. 
The corresponding stress exponents n are listed in Table 6. 
Temperature [°C] Stress exponent n 
650 12 
19 750 
800 18 
850 20 
Table 6. Creep stress exponent values for dense ITM material. 
The stress exponents are high in comparison to the commercially available steels Crofer and Crofer 
H (n = 3.1 and n = 6.5, respectively) [69]. The reason for that high stress-sensitivity was proposed 
to be the attractive interaction between the dislocations and Y-rich precipitations present in ITM 
alloy [69]. 
Summarizing the available data, the following properties had to be determined within this work: 
 Young’s modulus as a function of temperature (dense and porous ITM) 
 Poisson’s ratio as a function of temperature (dense and porous ITM) 
 Thermal expansion coefficient of porous ITM 
 Creep behavior of porous ITM 
3.2 Anode materials 
3.2.1 Ni-8YSZ (Ni – Y0.16Zr0.84O2-δ) composite 
Within this work 2 different grades of Ni-8YSZ are used (see Figure 14): 
1) 65 Ni + 35 YSZ (% wt.) for intermediate layer, P = 0.35 
2) 80 Ni + 20 YSZ (% wt.) for active upper layer, P = 0.30 
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Typically Ni-based SOFC anodes are sintered using NiO and 8YSZ powder in air and then reduced 
in H2 atmosphere yielding the Ni-8YSZ network [70-75]. The anode for the fuel cells analyzed 
within this work was produced based on an advanced methodology where sintering is performed 
directly in H2 environment (operation-similar conditions). The production process consists of the 
following steps: slurry preparation  screen printing of the anode slurry on porous ITM support 
with a diffusion barrier layer on it  drying of the slurry  3h sintering at 1180 °C on the metallic 
substrate in H2. The schematic of the production process up to anode sintering is depicted in Figure 
19. 
 
Figure 19. Metal-supported cell production process up to the graded anode sintering [68]. 
The resulting electrode microstructure does not require any further modifications (e.g. reduction of 
NiO particles in H2 atmosphere for air-sintered anodes) that would cause microstructural changes 
(shrinkage and detachment of Ni particles from the 8YSZ matrix) which in turn could affect the fuel 
cell electrochemical performance (decrease of triple phase boundary length due to the NiO-Ni 
shrinkage). 
3.2.1.1 Anode data conversion model 
The aim of the following section is a forecast of the mechanical property values from a 
comprehensive literature survey, which, however, is limited by the novel composition of the present 
anode (2 layers of 65 % wt. Ni anode support (≈ 50 µm) and 1 functional active layer of 80 % wt. 
Ni (≈ 10 µm) anode, see Figure 14). These ratios of Ni to 8YSZ were not used in SOFC 
applications before, therefore no mechanical data are available and hence, the first step is to derive a 
relationship between mechanical properties and the percentage of Ni and 8YSZ within the anode 
with subsequent extrapolation to the desired compositions. A problem arising during the analysis of 
the properties is the data classification in literature: material properties are provided for 1) Ni or 
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NiO precursor powders and 2) the final Ni-8YSZ composition either in terms of % wt. or % vol. 
Hence, an equation is needed to convert the description of various compositions into one general 
classification (e.g. from % wt. of NiO in the starting powder into % vol. of Ni of the sintered 
anode). For such a conversion model density, molar weight, and molar volume of the anode 
components are required. The data are listed in Table 7 [76]. 
Compound Molar mass [g mol
-1
] Density [g cm
-3
] Molar volume [cm
-3
] 
Ni 58.69 8.907 6.589 
NiO 74.69 6.67 11.198 
8YSZ 131.42 5.90 22.27 
Table 7. General properties of Ni, NiO and 8YSZ [76]. 
For any two-phase material composite consisting of components A and B the volumetric proportion 
can be related to the weight percentage through the relationship 
     ( )   
      ( )     ( )
                 
 ( 29 ) 
Where      ( ) is the weight ratio of component A (or B),       ( ) the volumetric portion of 
component A (or B) and    ( ) the density of component A (or B). Recalling the fact that  
              ( 30 ) 
Equation ( 29 ) transforms into 
     ( )   
      ( )     ( )
         (       )    
 ( 31 ) 
Analogously, the dependence of weight ratio on molar concentration can be derived using the molar 
mass data 
     ( )   
      ( )     ( )
         (       )    
 ( 32 ) 
Where      ( ) is the weight portion of component A (or B),       ( ) the molar portion of 
component A (or B) and   ( ) the molar mass of component A (or B). 
An oxidation process is accompanied by the changes of mass and volume. In the case of Ni-8YSZ 
anode material Ni-containing particles can be either Ni or NiO. The corresponding change in 
volumetric ratio within the composite can be calculated if the component expansion during 
oxidation is given 
        
      (    )
          
 ( 33 ) 
Where        is the volumetric portion of component A after oxidation,       ( ) is the 
volumetric portion of component A before oxidation and    is the volumetric expansion caused by 
oxidation. For Ni the volumetric oxidation expansion is 69.9 % (        ) [76]. The volumetric 
portion of component B, weight and molar portions of new components AO and B can be calculated 
via equations ( 30 ), ( 31 ), and ( 32 ) with an exchange of      ,     , and    with        , 
     , and     , respectively. 
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For the reduction process the volumetric portion can be recalculated from the data for oxidized state 
as 
       
      
  (        )    
 ( 34 ) 
Where the parameters are the same as in equation ( 33 ).  
Mori [71] reported that the reduction of 52 % vol. NiO anode material leads to the change of nickel 
volumetric ratio to 40 %. The value estimated for 52 % vol. NiO by equation ( 34 ) is 38.9 % vol. 
which agrees very well with the reported value. 
3.2.1.2 Thermal expansion coefficient 
The effective thermal expansion coefficient of a composite depends strongly on the percentage of 
components within the material. Several attempts to establish the dependence of TEC on final 
composition were proposed [77-79]. Kerner’s model revealed a better fit than the ones by Turner, 
Thomas, and Tummala-Freidberg [77], however, all models demonstrated good fit of experimental 
data [77, 78]. A summary of the models adapted to the Ni-8YSZ anode is represented below. 
Turner [79]          
                                   
                         
 ( 35 ) 
Thomas [78]             
           
         ( 36 ) 
Tummala-
Friedberg [80] 
                      (         )  
       
       
       
       
 
       
   
 ( 37 ) 
Kerner [81]          
              
             
 
                    
               
          
             
 
              
               
 ( 38 ) 
Where   represents the thermal expansion coefficient;   and   are shear and bulk moduli, 
respectively;   Poisson’s ratio;      denotes the volume portion of corresponding component; 
subscripts        ,     , and    indicate Ni-8YSZ composite, matrix 8YSZ and Ni inclusion, 
respectively. The required basic mechanical properties (at room temperature) are summarized in 
Table 8. 
Property Ni 8YSZ 
E [GPa] 200 220 
G [GPa] 76  83 
K [GPa] 180  209 
αRT-800°C [·10
-6 K-1] 13.4  10.1 
υ [-] 0.31  0.29 
Table 8. Mechanical properties of Ni and 8YSZ at room temperature in air [71, 82, 83]. 
Further analysis of the models developed by Turner, Thomas, Tummala-Friedberg and Kerner 
demonstrates that all corresponding fits are located close to each other, though Tummala Friedberg 
predicts slightly lower values with increasing vol.Ni (Figure 20). However, the Tummala-Friedberg 
model should be excluded from the analysis due to its failure at the boundary condition vol.Ni = 1, 
i.e.             . 
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Figure 20. Ni-8YSZ - TEC, dependency on the vol. Ni content from RT up to 800 °C. 
The other models demonstrate similar TEC values for the Ni-8YSZ composite for the entire vol.Ni 
range. Note, the models were developed based on the same assumptions for isotropic two-phase 
materials and Mori et al. [71] fitted available Ni-8YSZ vs. vol.Ni data with Kerner’s model and 
found a good agreement between the experimental data and the calculated curve yielding 
          
              
             
 
                    
               
          
             
 
              
               
 ( 39 ) 
However, for simplicity it is possible to use the rule of mixtures (Voigt) to derive the data 
(deviation from Kerner model is ≈ 0.4 % and can be neglected): 
                           (        ) ( 40 ) 
For the graded anode layers used within this work the following TEC values are calculated using 
equation ( 40 ), where obviously any porosity effect can be neglected. 
 80 % wt. Ni, P = 0.3:                 = 12.7·10
-6 K-1 
 65 % wt. Ni, P = 0.35:                 = 11.9·10
-6 K-1 
3.2.1.3 Chemical expansion 
In the case of metal supported cells, the anode material does not undergo a reduction step after 
sintering, since starting from the precursor powder up to SOFC operation the Ni-8YSZ anode is not 
exposed to a high temperature oxygen-containing atmosphere. Hence, it might appear that a 
chemical expansion of the anode does not need to be taken into account for SOFC operation. 
However, due to systems related requirements, the anode and metallic substrate will be exposed to 
an oxygen containing atmosphere during the heating and during the burn out of the reformer. In 
general a chemical expansion of the anode can be expected to lead to a strain corresponding to the 
oxidation volume increase of nickel particles. Diameter and volume are related as: 
   
    
 
      √
   
 
 
 ( 41 ) 
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Oxidation leads to the expansion of Ni of about 69.9% [76]. Therefore, the diameter of an oxidized 
particle can be written as: 
      √
         
 
 
           ( 42 ) 
Hence, the linear chemical strain is 0.193 for oxidation of pure nickel. Taking into account the 
content of nickel and the porosity of the anode substrate layer (65 wt.% Ni, P = 0.35) and anode 
active layer (80 wt.% Ni, P = 0.3) the corresponding strains were calculated: 
 80 % wt. Ni, P = 0.3:     = 0.0980826 
 65 % wt. Ni, P = 0.35:     = 0.0692484 
3.2.1.4 Poisson’s ratio 
The Poisson’s ratios of Ni and 8YSZ at room temperature are similar (0.31 and 0.29, respectively) 
and the effective υ can be determined using the “rule of mixtures”: 
                           (        ) ( 43 ) 
Mori et al. [71] compiled Poisson’s ratios for Ni and 8YSZ at room temperature and 1000 °C. For 
8YSZ the value was 0.29 at both temperatures, therefore it is reasonable to propose that the 
Poisson’s ratio of 8YSZ is temperature-independent. For Ni the same property decreases by 30.3 % 
from 0.33 at RT to 0.23 at 1000 °C. New results [84] permit to state that the Ni Poisson’s ratio is 
equal to 0.31at room temperature. Using the same -30.3 % decrease, the value at 1000 °C should be 
≈ 0.216. 
Kováčik revealed the porosity dependence of Poisson’s ratio for sintered iron and ThO2 [85]. The 
main trend was that the Poisson’s ratios of the sintered porous metal and porous ceramic decrease 
with increasing porosity. However, for the ceramic material the decrease was strongly dependent on 
the starting powder size. Larger starting powder particles led to lower decrease in Poisson’s ration 
with the increasing porosity, whereas smaller powder particles led to higher decrease of the Poisson 
ratio with increasing porosity. 
Phani did not observe a clear trend for the Poisson’s ratio porosity dependence which was explained 
with the pore size and shape [86]. 
Therefore, the dependency of the Poisson ratio on porosity appeared to be complex depending on 
many factors such as class of material (metal or ceramic), pore size, pore distribution, starting 
powder size for ceramic materials, etc. Therefore, the dependency was decided to be established via 
review of the available literature data. Knowing that the Poisson’s ratio could be calculated via 
Young’s and shear moduli as 
   
 
   
   ( 44 ) 
Previous empirical investigations determined that shear modulus follows the same mathematical 
rule as the Young’s modulus, however, with different empirical constants [87, 88]. Therefore, the 
Phani-Niyogi relationship (equation ( 22 )) was used for both Young’s and shear moduli found in 
literature. Hence, equation ( 44 ) could be converted into 
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(      )
  
(      )  
   ( 45 ) 
where    is the Poisson’s ratio of the dense material,   is the total porosity,       and       are 
the empirical constants for Young’s and shear moduli, respectively. 
Both Young’s and shear moduli in dependence of porosity were found for Gd2O3 [89], Sm2O3 [90], 
Lu2O3 [91], HfO2 [92], MgAl2O4 [93], stabilized HfO2 compositions [94], HfO2 and ZrO2 stabilized 
with 33% praseodymium oxide or terbium oxide [95]. The data were normalized and fitted with the 
Phani-Niyogi dependence for the determination of the empirical constants. The resultant data fits 
are depicted in Figure 21. 
    
Figure 21. Normalized Young’s and shear moduli fitted with Phani-Niyogi porosity 
dependence [89-95]. 
The corresponding fitting parameters were        ,         and         and        . 
As the result, the Poisson’s ratio – porosity dependence took the following form 
   (    )  
(        )    
(        )    
   ( 46 ) 
Taking into account the composition dependence (equation ( 43 )), temperature dependence of Ni 
and 8YSZ Poisson’s ratios given above (-0.0309 K-1 for nickel and temperature-independent for 
8YSZ) and the porosity dependence (equation ( 46 )), the resultant Poisson’s ratios of the graded 
anode layers were determined and are given in Figure 22. 
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Figure 22. Poisson’s ratio of the graded anode layers in dependence on temperature. 
3.2.1.5 Young’s modulus 
The effective Young’s modulus of the cermet composite also depends strongly on the Ni-8YSZ 
ratio within the anode. Wang et al. [96] summarized the existing models of composite effective 
mechanical properties, which yield for the current material 
Voigt                           (        ) ( 47 ) 
Reuss 
         
 
      
   
 
        
     
 
( 48 ) 
Hashin-
Shtrikman 
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 ( 49 ) 
Where     and   are for Young’s, bulk and shear moduli, respectively;        is the volume 
fraction of nickel particles; subscripts             and      represent the corresponding 
materials in the anode composition; superscripts       and       stay for the upper and lower 
boundaries of E values. 
Equation ( 49 ) defines the lower and upper boundaries of effective Young’s modulus as determined 
by Hashin and Shtrikman [58]. The corresponding upper and lower boundaries of   and   can be 
calculated via 
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Mechanical properties for nickel and yttrium-stabilized zirconia are listed in Table 8. The data refer 
to dense material (porosity = 0) at room temperature in air. 
The three dependencies given above are presented for Young’s modulus graphically in Figure 23. 
Volume portion % vol. of nickel were obtained using equations ( 31 ) and ( 32 ) from % wt. and % 
mol., respectively. 
  
Figure 23. Ni-8YSZ effective Young’s modulus - vol. Ni content dependence. 
Wang demonstrated that for a composite material with a large difference in components Young’s 
modulus (such as Epoxy - Al2O3, i.e. 3.4 GPa – 390 GPa, respectively) the discrepancy between 
values predicted by equations ( 47 ) to ( 49 ) became rather large (Figure 24) [96]. Hence, a new 
expression was proposed by Wang (LBM (Lattice Boltzmann Method) algorithm) that seemed to be 
suitable even for composites with large E1/E2 ratios. 
 
Figure 24. Dependence of Epoxy-Al2O3 effective Young’s modulus on the alumina volume 
fraction [96]. 
However, for the current case (Ni-8YSZ) the Young’s moduli of the components were comparable 
(200 GPa – 220 GPa, respectively) and further elaboration is not necessary, since only an 
insignificant deviation from the values predicted by the above models was obtained (for Hashin-
Shtrikman, Reuss, Voigt < 1 %). Therefore, any of equations ( 47 ) to ( 49 ) might be used for the 
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composite Young’s modulus prediction. Here, equation ( 47 ) was chosen for the entire temperature 
range T. 
         ( )     ( )              ( )  (        ) ( 54 ) 
The temperature dependency of the Young’s modulus is derived from the T-dependencies of the 
properties of Ni and 8YSZ on the basis of an analysis of the data from Biswas [97]. 
In that reference data for two cell types were given, for a 0.6 mm thick samples co-sintered at 
1100 °C and reduced in 5 % H2 / 95 % Ar for 8 h resulting in a final porosity of P = 0.36 and for 0.9 
mm thick samples co-sintered at 1100 °C where the same reduction procedure resulted in a final 
porosity of P = 0.40. Young’s moduli were measured via impulse excitation technique, porosities 
via Archimedes principle. 
The difference in the absolute values of the Young’s moduli was a result of the different porosities 
and has been verified by the Phani-Niyogi relationship, i.e. on the basis of the value of the 0.6 mm 
sample (E = 72 GPa) a value of 58 GPa is obtained for the 0.9 mm thick material, which agrees well 
with the 52 GPa derived experimentally. This slight difference could be related to experimental 
uncertainties in modulus and porosity measurements.  
The temperature dependencies of both specimen types normalized with respect to the corresponding 
room temperature values agreed very well and were hence independent of the initial porosity as 
verified in Figure 25. 
 
Figure 25. RT normalized Young’s modulus dependencies for the two different Ni-8YSZ cell 
types with different porosity [97]. 
Hence, the validity of equation ( 54 ) was verified. The composition of the anode was 70 % vol. of 
the starting NiO powder. Assuming that the material was fully reduced after exposure to 5 % H2 / 
95 % Ar mixture for 8 h and applying equation ( 34 ) for the shrinkage of NiO to Ni, a final Ni 
content of ≈ 58 % vol. was obtained. Converting this into the mass percentage with equation ( 29 ) 
yielded the final mass portion of Ni was found to be 67.5 % wt. Hence, equation ( 54 ) for this 
material takes the form: 
         ( )     ( )            ( )       ( 55 ) 
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where    ( ) and      ( ) are the Young’s moduli (in normalized form) of Ni and 8YSZ, 
respectively. E0,Ni∙[98] and E0,8YSZ [99] are normalized (to avoid porosity effects) to the room 
temperature value and substituted into equation ( 55 ). The results of the model are compared with 
the experimental data in Figure 26. 
 
Figure 26. Comparison of the model-predicted Young’s modulus and the measured values for 
Ni-8YSZ (58 % vol. Ni) [97]. 
The agreement of predicted and measured values is good. Therefore, the properties of Ni-8YSZ 
anodes can be determined for any desired temperature for a particular anode type if its composition 
and porosity are known. The dependence can be described by: 
        (          )
 (        ( )                      ( )  (        ))
 (       )    
( 56 ) 
Where    represents the Young’s modulus of dense material (200 GPa for nickel and 220 GPa for 
8YSZ),   is a coefficient correspondent to the temperature dependence of Young’s modulus, vol. Ni 
represents the volume fraction of nickel within Ni-8YSZ composite and P – porosity. The values 
for    ( ) and      ( ) are listed in Table 9. 
Temperature [°C] eNi e8YSZ 
25 1.00 1.00 
100 0.98 0.97 
200 0.94 0.92 
300 0.91 0.83 
400 0.87 0.73 
500 0.83 0.67 
600 0.80 0.66 
700 0.77 0.68 
800 0.74 0.70 
Table 9. Temperature dependence coefficients of Ni and 8YSZ. 
Within this work, cells are based on following anode composite: 
 65 % wt. Ni + 35 % wt. 8YSZ, P = 0.35 
 80 % wt. Ni + 20 % wt. 8YSZ, P = 0.3 
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The Young’s moduli for the above-mentioned compositions calculated using equation ( 56 ) are 
presented in Figure 27. 
 
Figure 27. Young’s modulus of the anode compositions considered for further analysis within 
this work. 
The strongest parameter affecting the effective thermomechanical properties of Ni-8YSZ is the 
porosity. Weight ratio of the anode layer components does not have large impact on the Young’s 
moduli since absolute values of     and       are very similar. 
3.2.1.6 Characteristic strength 
In the case of mechanical strain application, the stress is distributed between the components 
according to their Young’s moduli if continuous material networks were formed during the 
composite production. 
                 ∑(        )
 
   
 ( 57 ) 
Where       and       are the stress and effective Young’s modulus of the composite; and    and 
      are the Young’s modulus and volumetric portion of ith composite component;   is the 
corresponding average strain state of the composite. Strain is assumed to be distributed equally for 
all the components and for the overall composite. 
The fracture process of the composite starts once in one of the components (e.g. 1
st
 component) the 
critical (fracture) strain is reached at a particular time    ( 
(  )      ). The remaining components 
then have to carry the stress that was supported by the failed component before, within an infinite 
small period of time   . The additional portion of stress results in addition portion of strain        at 
the moment       and the overall composite strain becomes:  
(     )   (  )        . If the new 
overall strain  (     ) overcomes the failure strain value of any of the remaining components (e.g. 
2
nd
 component), the failure process goes on  (        )   (     )          
(  )         
       and so on. Finally, the material can either reach a quasi-stable state, implying that the rest 
remaining components of the composite can sustain the local load increased in the partial failure 
process (e.g. the failure chain reaction stops after the n
th
 step) or fails completely. The fracture chain 
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reaction of all components in a short time period    ∑   
 
    after   , that can’t be determined in a 
straightforward mechanical test. A sketch of two-phase composite fracture chain is depicted in 
Figure 28. 
 
Figure 28. Schematic representation of the two-phase composite failure chain reaction. 
Obviously, from equation ( 57 ), it can be deduced that, for a particular composite (      is fixed) at 
any particular time of the experiment (        are fixed), the stress within every component 
depends on its Young’s modulus: high stiffness material receives more load than compliant 
components. In the case of the Ni-8YSZ composite, the Young’s moduli of both components are 
almost equal. Therefore, the stress is distributed almost equally between the constituents. Generally, 
the fracture of ceramics occurs in the elastic region. Hence, the 8YSZ component fractures first 
since it has the lower fracture strain. After fracture, the load that was supported by the 8YSZ has to 
be carried by the Ni-component, as also reflected in the following equation (taking Phani-Niyogi 
porosity dependence as a basis for stress increase). 
    (         )  
 (         )
   (      (          ))   
 ( 58 ) 
If a continuous nickel network was formed during anode production that can sustain the 
subsequently increased stress, then the Ni-8YSZ composite remains macroscopically intact. If a 
nickel network is not formed or the enhanced stress overcomes the ultimate tensile stress of Ni, 
cracks easily propagate through the anode (particularly through the 8YSZ matrix) and the cell is 
macroscopically broken. 
Hence, the fracture stress can be determined on the basis of fracture strain of 8YSZ and the fracture 
stress of Ni-8YSZ composite can be defined using Hooke’s law: 
          (          )         ( )          (          ) ( 59 ) 
Where         (          ) as defined in equation ( 56 ). 
Equation ( 59 ) implies that the temperature dependence of the fracture strain is directly related to 
the temperature dependencies of the fracture stress and Young’s modulus. The data are presented in 
Figure 29. 
41 
 
 
Figure 29. Normalized values of strength and Young’s modulus versus temperature for 8YSZ 
[46, 100]. 
Comparison of the fracture stress and Young’s modulus temperature dependencies suggests that   
and   decrease correspondingly (taking into account large standard deviation of the   data at 
900 °C), implying that the fracture strain is constant, i.e. independent of temperature (       ( )  
     ). Therefore, the equation ( 59 ) transforms into 
          (          )                  (          ) ( 60 ) 
In this equation the fracture strain         is the value of a single specimen, whereas for ceramics 
the characteristic fracture strain            should be used as a statistically relevant value. The 
characteristic fracture strain            is calculated as the ratio of characteristic strength            
to the Young’s modulus E. 
Literature review revealed the characteristic failure strain to be 0.2 % [46]. Knowing the 
composition of the Ni-8YSZ anode layers for the metal supported cells and their porosity, the 
fracture stress - temperature dependency for the anode layers was calculated. The resulting data are 
presented in Figure 30. 
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Figure 30. Characteristic strength – temperature dependencies for the anode compositions 
used in the current work. 
The major factor affecting the value of the fracture stress is the porosity. The composition of the 
anode is only a minor factor. The weakest material from the mechanical point of view is the anode 
supporting (intermediate) layer. 
3.2.2 SYT (Sr0.895Y0.07TiO3-δ) 
The SYT material is used as both mechanical substrate and anode. All mechanical properties 
required for the mechanical analysis (subsection 3.1.1) were investigated in the current work and 
are summarized in subsection 5.1. 
3.3 Electrolyte materials 
3.3.1 8YSZ (Y0.16Zr0.84O2-δ) 
The electrolyte layer is completely dense (P = 0), therefore, porosity effects do not have to be 
considered for the material. 
3.3.1.1 Thermal expansion coefficient 
Data summarized in [64] indicate a significant variation of the reported temperature dependency 
within the region of interest (RT – 800 °C), therefore, all available data were described by a linear 
fit in order to derive a more general dependency. 
The linear fit of the data in [45, 71-73] yields the following TEC-temperature dependencies: 
1) 8YSZ [45]:  ( )                        with            
2) 8YSZ [72]:  ( )                        with            
3) 8YSZ [71]:  ( )                        with            
4) 8YSZ [73]:  ( )                        with            
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The subsequently derived average linear TEC - temperature dependency (Figure 31) reads: 
  ( )                        ( 61 ) 
 
 
Figure 31. Average linear TEC - temperature dependency for 8YSZ [45, 71-73]. 
Hence,      (       ) = 10.1·10
-6 K-1 for the cooling step 800 °C to RT. 
3.3.1.2 Chemical expansion 
Pratihar [73] obtained identical TEC values in air and reducing atmosphere, from which it can be 
concluded that the chemical expansion coefficients        = 0. 
3.3.1.3 Poisson’s ratio 
Identical values were obtained at RT and 1273 K [71]; therefore it can be assumed that this property 
is independent of temperature with a value of υ = 0.29 [71]. 
3.3.1.4 Young’s modulus 
The Young’s modulus of 8YSZ that was measured in house [99] via the IET technique from room 
temperature up to 900 °C is used in the current work (Figure 32). Previous investigations explained 
the Young’s modulus behavior at intermediate temperatures with monoclinic-cubic transition [101], 
that is obviously also reflected in the temperature dependency of Young’s modulus and fracture 
stress of the composite (see Figure 27 and Figure 30). 
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Figure 32. Temperature dependency of 8YSZ Young’s modulus [99]. 
3.3.1.5 Characteristic strength 
Following the discussion outlined above for the Ni-8YSZ anode material, the fracture stress is a 
product of intrinsic material properties and production related effects (flaw size and distribution). 
The critical parameter defining the fracture stress of a brittle material with given E is the fracture 
strain. As it was stated above, the critical strain for 8YSZ is independent of temperature (Figure 29). 
Hence, the 8YSZ characteristic strength can be defined as: 
           ( )                  ( ) ( 62 ) 
Where the characteristic failure strain was 0.2 % [46] and the Young’s modulus – temperature 
dependence is taken from Figure 32, which results in the characteristic strength values for the 
electrolyte layer presented in Figure 33. 
 
Figure 33. Characteristic strength – temperature dependency for 8YSZ dense electrolyte layer 
material used in the current work. 
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3.4 Cathode materials 
3.4.1 LSCF (La0.58Sr0.40Co0.2Fe0.8O3-δ) 
The parameters given below are based on the results obtained by B. Huang at Forschungszentrum 
Jülich [102]. In SOFC applications cathodes are exposed to air, therefore all thermo-mechanical 
properties should be based on experiments in an oxygen-containing atmosphere for the relevant 
temperature range from RT to ≈ 900 °C. 
3.4.1.1 Thermal expansion coefficient 
The technical TEC (reference RT) of LSCF as measured in air from RT up to 900 °C for dense 
material is shown in Figure 34. The TEC is not affected by porosity effects. 
 
Figure 34. Thermal expansion coefficient of LSCF in air from RT to 900 °C [102]. 
3.4.1.2 Chemical expansion coefficient 
Since the cathode is exposed only to the oxygen-containing atmosphere (air), chemical expansion 
should not occur in the cathode layer unless induced by the oxygen transport through the layer in 
elevated-temperature operation. Therefore, chemical expansion was not taken into account for the 
cathode material in the current work. 
3.4.1.3 Poisson’s ratio 
A material with similar chemical composition (La0.6Sr0.4Co0.2Fe0.8O3-δ) was tested by Kimura et. al 
[103]. The determined Poisson’s ratio for LSCF at room temperature of 0.30 is considered to be 
representative also in the current work, assuming that the slight difference in La-content (+0.02) has 
not a significant impact on this mechanical property. Data on the temperature dependency of the 
Poisson’s ratio were available from the same authors [103]. 
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Figure 35. Temperature dependency of the Poisson’s ratio of La0.6Sr0.4Co0.2Fe0.8O3-δ [103]. 
The change in Poisson ratio at about 800 °C was associated with the rhombohedral-to-cubic phase 
transition. 
3.4.1.4 Young’s modulus 
Young’s modulus - temperature dependency was measured for dense specimens in air via ring-on-
ring testing and impulse excitation technique [102] (Figure 36). The Young’s modulus increase 
between 700 °C and 800 °C has been attributed to the switch from rhombohedral to cubic crystal 
structure. LSCF exhibits ferroelastic domain switching, a rather rare property in ceramics [102], 
which leads to slightly higher values of the mechanical properties below 600 °C and a decrease with 
increasing temperature up to 600 °C. Although domains will exist at RT, they will only be switched 
if the material is subjected to a sufficient external load. Although the domain switching was 
observed in dense LSCF material it was not verified for porous material. 
 
Figure 36. Young’s modulus of LSCF in air as a function of temperature [102]. 
The porosity effect can again be taken into account using the Phani-Niyogi equation: 
     (       )
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where   is the effective Young’s modulus,    is the Young’s modulus of totally dense material and 
  is the material porosity. The porosity of the densest material presented in Figure 36 was 
determined to be ≈ 6 % using the Archimedes method. The cathode layer should have a porosity of 
≈ 35 %. The resulting Young’s modulus is given in Figure 37. 
 
Figure 37. Temperature dependence of the Young’s modulus of the LSCF cathode material 
(porosity P = 0.35) from RT to 900°C. 
3.4.1.5 Average fracture stress 
The fracture stress-temperature dependency was determined from the ring-on-ring test results 
(Figure 38) given in [102]. The ferroelasticity-related non-linearity of the load-deflection curves 
complicated the calculation of fracture stress data at low temperatures [102]. The phase change 
leading to an increase in Young’s modulus is also reflected in the fracture stress data. 
 
Figure 38. Average fracture stresses as a function of temperature for the LSCF cathode [102]. 
It is reasonable to assume that the porosity dependence is equal to that of the Young’s modulus 
(assuming εf = const(T)), i.e. 
     (       )
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The resulting values are presented in Figure 39. 
 
Figure 39. Fracture stress of LSCF cathode material in air from RT to ≈ 800°C (porosity 
P = 0.35). 
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4 Experimental techniques and tested samples 
4.1 Material production 
The investigated SYT material (Sr0.895Y0.07TiO3-δ) was produced at IEK-1, Forschungszentrum 
Jülich GmbH. Starting materials were titanium (IV) isopropoxide (97 %), Sr(NO3)2 (99 %) and 
Y(NO3)3∙6H2O (99 %). Preparation process started with stirring of titanium (IV) isopropoxide in 
water with further titanium dioxide precipitation. The precipitate was filtered, washed and dissolved 
into HNO3 solution. Based on the Ti
4+
 concentration in the solution measured by thermogravimetry 
a corresponding amount of the previously described nitrates were added. After homogenization it 
was sprayed-pyrolysed in a commercial spray dryer (Nubilosa, Konstanz, Germany). Final step 
after spray-pyrolysis was heating-up and annealing of the raw powder up to 900 °C in air for 5h 
[66]. Specimen’s preparation for mechanical tests consisted of uniaxial pressing of the powder into 
rectangular bars or discs and subsequent sintering at conditions as listed in Table 10. This material 
is further called “pressed SYT”. 
The production of SYT-based composites was proposed as an option of mechanical enhancement. 
Three factors should be taken into account during the choice of additional composite components: 
a) thermomechanical compatibility between the constituents (TEC and thermal history of the 
composite production process); b) chemical compatibility of the components (formation of new 
phases and their influence on overall properties); c) decrease/increase of the overall composite 
electrical and ionic conductivities. 
Hence, it was attempted to improve the mechanical robustness of the SYT substrate material via the 
production of a SYT-3YSZ composite material. For this purpose a mixture of SYT with 3YSZ 
(ZrO2 stabilized with 3 mol.% Y2O3) with the 50:50 ratio was prepared. This composite was 
supposed to have higher fracture stress due to the presence of 3YSZ (Young’s modulus 200 MPa 
and fracture stress 1000 MPa [104]). Material was produced in IEK-1 Forschungszentrum Jülich. 
Uniaxial pressing with the following sintering step was chosen as the production technique. The 
sintering conditions are given in Table 10, which represents the list of tested material with the 
corresponding production history and testing technique. Further details of the testing conditions are 
listed in the correspondent subsections (4.3, 4.4 and 4.6). 
ITM material was manufactured by Plansee SE. Both, porous and dense grades are ferritic FeCr-
based alloys which are modified by Mo, Ti, Mn and miscellaneous additions for applications at the 
temperatures up to 850 °C [68]. 
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Material Batch Production history Testing technique 
SYT 
bars 
dense 
porous 
Pressed: 5h at 1400 °C in Ar/4%H2 
Pressed: 3h at 1350 °C in Ar/4%H2 
IET, 
microindentation 
plates 
dense 
porous 
Pressed: 5h at 1400 °C in Ar/4%H2 
Pressed: 3h at 1350 °C in Ar/4%H2 
ROR, 
microindentation 
discs 
dense 
porous 
Pressed: 5h at 1400 °C in Ar/4%H2 
Pressed: 3h at 1350 °C in Ar/4%H2 
ROR 
stripes 1 
stripes 2 
stripes 3 
stripes 4 
stripes 5 
stripes 6 
stripes 7 
porous 
| 
| 
| 
| 
↓ 
dense 
Tape-cast: 2h at 1200 °C in Ar/4%H2 
Tape-cast: 2h at 1220 °C in Ar/4%H2 
Tape-cast: 2h at 1240 °C in Ar/4%H2 
Tape-cast: 2h at 1260 °C in Ar/4%H2 
Tape-cast: 2h at 1280 °C in Ar/4%H2 
Tape-cast: 2h at 1300 °C in Ar/4%H2 
Tape-cast: 2h at 1320 °C in Ar/4%H2 
microindentation 
SYT-3YSZ 
(vol. 1:1) 
plates porous Pressed: 3h at 1350 °C in Ar/4%H2 ROR 
discs dense Pressed: 5h at 1400 °C in Ar/4%H2 ROR 
Table 10. List of tested SYT material with the corresponding production history and testing 
technique. 
4.2 Grain size classification 
The materials investigated within this work were characterized with the reconstructed log-normal fit 
equation for grain size distribution (equation ( 9 )). Such characterization requires the area data of 
≈ 1500 grains. One image analysis (≈ 400 grains) did not yield a statistically representative and 
repeatable log-normal fit, i.e. shift of the mode value, broadening/squeezing of the PDF. Therefore, 
at least 4 images were analyzed with AnalySIS Pro for every material. 
Within this work metallic materials were grinded and polished with the final step using 1 µm 
diamond paste. Grain size visualization was performed via chemical etching with 5% H2SO4. Light 
optical microscope was used for the imaging of the metallic specimens. The ceramic materials were 
grinded and polished similarly to the metallic ones finally with the 1 µm diamond paste, whereas 
the grain boundary visualization via chemical and/or thermal etching was not very effective. 
Therefore, the polished cross-section was analyzed with scanning electron microscope at low 
working distance (typically 5 mm) for a better contrast between the neighboring grains. 
4.3 Microindentation 
Hardness values are usually calculated as the ratio of the peak load during a measurement to the 
projected area of the hardness impression: 
      
 
 
 ( 63 ) 
where HIND – hardness of the specimen; P – peak load during a measurement; A – projected area of 
the corresponding hardness impression [105]. Young’s modulus data are obtained from the 
unloading part of load-penetration depth curve according to the relationship [105]: 
 
 
  
 
    
    
 
    
 
  
 ( 64 ) 
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Where EIND, Ei, Er are Young’s moduli of the specimen, indenter and the reduced Young’s modulus 
respectively; v, vi are Poisson’s ratios of the specimen and indenter respectively. The reduced 
Young’s modulus can be determined from the unloading part of a load-displacement curve (Figure 
40) as: 
   
  
  
 
 
√ 
    √  ( 65 ) 
 
Figure 40. Schematic representation of a typical load-displacement curve [105]. 
In the frame of current investigations the indentation tests were performed with a Fischer HC100 
microindenter (Figure 41). The measurement procedures were performed following the 
recommendations listed in ASTM C1327. The range of indentation loads for this device varies from 
10 mN to 1 N. Young’s modulus and hardness values were calculated automatically based on 
equations ( 63 ) to ( 65 ). 
 
Figure 41. Fischer microindenter and mounted specimen [106]. 
The list of tested specimens is presented in Table 11. Every tested sample was indented 100 times 
with a load of 1 N. 
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Batch 
Specimen 
designation 
Amount of tested 
samples 
Testing 
conditions 
Sample 
dimensions 
[mm] 
dense SYT bar 1 RT, air 45 × 4 ×4 
porous SYT stripes 1-7 8 RT, air 30 × 8 × 0.2 
dense ITM bar 1 RT, air 50 × 8 × 1.3 
porous ITM bar 1 RT, air 50 × 8 × 1.0 
Table 11. List of the specimens tested via microindentation and the corresponding testing 
conditions. 
4.4 Bending tests 
Several types of bending tests were performed with an electromechanical testing machine (Instron 
1362). Based on the resulting data (load and displacement) fracture stress, Young’s modulus and 
fracture strain were calculated. The central displacement was measured with a sensor attached to the 
tensile loaded sample surface. A ceramic extension rod connected to a linear variable differential 
transformer (Sangamo, LVDT, range ±1 mm, precision 1.25 µm) provided the value of actual 
displacement. The load measurements were performed with a 1.5 kN load cell (Interface 1210 
BLR). The testing set-up permitted to measure mechanical properties from room temperature up to 
1000 °C. Measurements in distinct atmospheres (air, Ar/H2 or vacuum) made it possible to clarify 
the effect of oxidation process on mechanical properties of the investigated materials. 
4.4.1 Ring-on-ring bending test 
The technique is based on the bending of a thin circular (or rectangular) sample. The specimen was 
placed on the supporting ring of variable diameter (10 mm, 15 mm, 19 mm, 22 mm, 25 mm and 40 
mm are available). The loading ring transferred the force from the loading cell to the specimen 
(diameters 3.3 mm, 7 mm, 7.9 mm, 9 mm, 9.5 mm, 9.9 mm, 10.4 mm, 11 mm, 13 mm and 40 mm 
are available). A half-spherical connection gear was used to avoid any misalignment during the 
force transfer. 
 
Figure 42. Ring-on-ring test set-up [106]. 
The measurements were performed following DIN 51105 standard. Using the resulting force-
deflection data fracture stress, fracture strain and Young’s modulus were calculated based on the 
linear bending theory. 
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 ( 68 ) 
Where    and    are the force (in N) and deflection (in mm) in the linear region, respectively;   is 
the Poisson’s ratio (dimensionless);   and    are the height (in mm) and radius (in mm) of the tested 
specimen, respectively;    and    are the radii (in mm) of loading and supporting rings; respectively. 
The calculated   and   are in MPa, whereas the fracture strain   is dimensionless. The region of 
maximum stress is located in the middle of the tensile-loaded specimen side (central point of a disc 
specimen). 
 
Figure 43. Ring-on-ring experiment: force-deflection curve (a) and geometrical parameters of 
the testing configuration (b). 
DIN 51105 poses additional requirements to specimen geometry. 
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    ( 70 ) 
where    and    are the diameters of supporting ring and specimen respectively;   corresponds to 
the specimen thickness;    is the expected fracture stress value;   denotes the Young’s modulus of 
the tested material. 
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Batch Sample designation 
Amount 
of tested 
samples 
Testing conditions* 
Sample 
dimensions** 
[mm] 
dense SYT reduced discs 1 
5 
5 
5 
5 
3.4/10, RT, air, 1 N/min 
3.4/10, RT, air, 10 N/min 
3.4/10, RT, air, 100 N/min 
3.4/10, RT, air, 1000 N/min 
Ø 15.6 × 1.2 
Ø 15.6 × 1.2 
Ø 15.6 × 1.2 
Ø 15.6 × 1.2 
dense SYT reduced discs 2 
4 
3 
5 
3.4/10, RT, air, 100 N/min 
3.4/10, 700°C, air, 100 N/min 
3.4/10, 800°C, air, 100 N/min 
Ø 15.6 × 1.2 
Ø 15.6 × 1.2 
Ø 15.6 × 1.2 
dense SYT-3YSZ discs (1:1) 10 3.4/10, RT, air, 100 N/min Ø 17.3 × 0.8 
porous SYT-3YSZ plates (1:1) 12 9/22, RT, air, 100 N/min 24.8 × 24.8 × 1.2 
*Testing conditions are given as loading ring diameter [mm] / supporting ring diameter [mm], 
temperature, atmosphere, loading rate. 
**Sample dimensions of disc-shaped samples is presented as diameter × thickness; of rectangular-
shaped plates as length × width × thickness. 
Table 12. List of the specimens tested via ring-on-ring bending and corresponding testing 
conditions. 
4.4.2 Three-point bending test 
In the case of bar-shaped specimens another modification of the Instron 1362 machine is used. The 
testing head is replaced, while the auxiliary equipment (differential transformer, ceramic extension 
rod, loading cell, thermocouple) remain the same. As in the case of ring-on-ring bending 
configuration the mechanical properties were calculated basing on the linear elastic theory. The 
experiments were carried out according to the ASTM C1-161 standard. The corresponding 
relationships of Young’s modulus, fracture stress and fracture strain are listed below. 
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 ( 73 ) 
Where    and    are the force (in N) and deflection (in mm) in the linear region, respectively;   , 
  and   are length, width and height of the tested specimen (in mm), respectively. The calculated   
and   are in MPa, whereas the fracture strain   is dimensionless. The region of maximum stress is 
located in the middle of the tensile-loaded specimen side (central line of a bar specimen). 
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Figure 44. Three-point bending test set-up. 
 
Figure 45. Three-point bending experiment: force-deflection curve (a) and geometrical 
parameters of the testing configuration (b). 
Based on the equation ( 73 ) the creep rate of the material can be estimated from constant load 
three-point bending tests as: 
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Porosity Sample designation 
Amount of 
tested samples 
Testing conditions 
Sample 
dimensions [mm] 
0.13 SYT bar 1 
800 °C, 900 °C, air, 
static load 
30.7 × 3.9 × 2.5 
Table 13. List of the specimens tested via three-point bending and the corresponding testing 
conditions. 
The creep rate measurements were evaluated for total creep deflections more than 0.5 µm. Lower 
deflection values could be strongly affected by the measurement errors (the amplitude of 
measurement fluctuations was detected to be ≈ 0.1 µm) and were not considered in the analysis. 
4.4.3 Four-point bending 
Similar to the previously described three-point bending experiment, four-point bending test were 
conducted. Auxiliary equipment configuration remains as in three-point bending set-up, only the 
testing head is replaced. The larger volume deformed during the experiment provides higher 
precision in the determination of Young’s modulus, therefore within this work the Young’s moduli 
of bar-shaped specimens were determined only under 4-point bending. 
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Figure 46. Four-point bending test set-up. 
 
Figure 47. Four-point bending experiment: force-deflection curve (a) and geometrical 
parameters of the testing configuration (b). 
Along with the Young’s modulus also fracture stress and fracture strain can be calculated using the 
force-deflection data. 
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The list of specimens tested under 4-point bending and the corresponding testing conditions are 
given in Table 14. 
Batch 
Sample 
designation 
Amount of 
tested 
samples 
Testing conditions 
Sample dimensions 
[mm] 
dense ITM bar 
1 
1 
2 
2 
1 
2 
RT, air, 100 N/min 
200 °C, air, 100 N/min 
400 °C, air, 100 N/min 
600 °C, air, 100 N/min 
800 °C, air, 100 N/min 
900 °C, air, 100 N/min 
50 × 8 × 1.3 
50 × 8 × 1.3 
50 × 8 × 1.3 
50 × 8 × 1.3 
50 × 8 × 1.3 
50 × 8 × 1.3 
Table 14. List of the specimens tested via 4-point bending and the corresponding testing 
conditions. 
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4.5 Tensile tests 
4.5.1 Static tensile creep test 
Creep tests are performed in tension, if the specimen can be produced in the required geometry. 
Hence, metallic materials such as ITM are typically tested in tensile loading. In some cases the 
materials have to be tested at extremely low loads (< 100 N), however the machines apply already 
higher pre-load (300 N for Instron 1362). Therefore, the set-up available at Forschungszentrum 
Jülich was slightly modified for low loads (40 – 200 N) with a load rig based on the static weight of 
iron discs transferred to the tested sample via an unsymmetrical crank. A schematic representation 
of the static tensile load set-up is given in Figure 48. 
 
Figure 48.Schematic representation of the static load tensile set-up used for tensile creep tests 
of porous metallic specimens. 
The transferred weight load is checked with a dynamometer DS021A9 (produced by Disynet, up to 
200 N). The temperature in the 3-zone oven with resistance heating is measured via thermocouples 
of Type S (Pt/Pt-Rh) close to the tested specimen with an error of ± 2 K. The tensile set-up requires 
a special specimen geometry which is shown in Figure 49 (b). 
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Figure 49. Static tensile loading set-up (a) and geometry of ITM tensile porous specimen (b). 
Every specimen was isothermally tested at several loads in order to minimize the measurement 
campaign duration. Firstly, the specimen was tested at the highest load among the planned ones and 
brought into the secondary creep region. At that point the measurement campaign started with a 
single measurement reaching a defined strain limit of 0.036 %. Then the same procedure was 
repeated at reduced load. Maximum allowable strain of the specimen was set to be 1 % to avoid 
misleading results due to possible specimen damage. The scheme of the measurement procedure is 
shown in Figure 50. 
 
Figure 50. Isothermal tensile creep measurement procedure scheme. 
The testing conditions and tested specimens are listed in Table 15. 
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Specimen designation Amount of tested specimens Testing conditions Applied load [N] 
ITM tensile porous 
specimen 
No. 7 650 °C, air, 40 MPa 280 
No. 8 650 °C, air, 35 MPa 245 
No. 9 650 °C, air, 30 MPa 210 
No. 10 650 °C, air, 25 MPa 175 
No. 3 
650 °C, air, 24.7 MPa 
650 °C, air, 14.8 MPa 
650 °C, air, 12.3 MPa 
173 
104 
86 
No. 1 
750 °C, air, 13.6 MPa 
750 °C, air, 12.3 MPa 
750 °C, air, 9.9 MPa 
95 
86 
69 
No. 2 
800 °C, air, 12.0 MPa 
800 °C, air, 9.6 MPa 
800 °C, air, 7.7 MPa 
84 
67 
54 
Table 15. List of the specimens tested with static tensile creep set-up. 
4.5.2 Uniaxial tensile test 
Tensile tests were performed in order to obtain stress-strain curves of ITM required for FEM 
simulations.  
An Instron 1362 electromechanical testing machine was used for the tests. The data acquisition was 
performed with Instron 8800 software. High-temperature measurements were performed in a 3-zone 
furnace with resistance heating. The heating rate used for all experiments was 10 K/min (max. 
achievable temperature in the oven is 1050 °C). Maximum loads for the set-up are 250 kN for static 
loading and 125 kN for dynamic loading. Maximum possible displacement is 50 mm. 
The specimen geometry was the same as used for static tensile creep tests (Figure 49 (b)). The list 
of the specimens is given in Table 16. 
Specimen designation Amount of tested specimens Testing conditions 
ITM porous stress-strain specimen 
6 RT, air 
3 600 °C, air 
3 700 °C, air 
3 800 °C, air 
Table 16. List of specimens for uniaxial tensile test. 
4.6 Impulse excitation technique 
Impulse excitation technique is a widely-spread non-destructive method to determine Young’s 
modulus, shear modulus, Poisson’s ratio and damping coefficient. The corresponding calculations 
are based on the natural resonance frequency detected by a microphone placed close to the tested 
probe. The set-up is depicted in Figure 51. 
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Figure 51. Impulse excitation set-up in Forschungszentrum Jülich GmbH. 
The device allows measurements of Young’s modulus starting from room temperature (20 °C) up to 
1200 °C. Heating/cooling rates are set to 5 K/min. Additionally, the testing atmosphere can be 
selected between air or N2 or H2/Ar mixture. 
The detected natural frequency depends on the specimen dimensions, boundary conditions and 
material properties. Fixing two parameters (dimensions and boundary conditions) and measuring 
the third one (natural frequency) it is possible to determine elastic properties of the investigated 
material (Young’s modulus, shear modulus, bulk modulus or Poisson’s ratio). The properties are 
linked with each other via the following equations: 
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( 79 ) 
Where E, G, K and v are the Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio, 
respectively. 
Therefore, the availability of two elastic parameters (e.g. Young’s modulus and Poisson’s ratio) 
gives a possibility to calculate the other two (shear and bulk moduli for the aforementioned 
example). 
Typically, two specimen geometries are used for the impulse excitation experiments: bar-shaped 
and disc-shaped. Both geometries have their own modes of vibration depending on the boundary 
conditions (support points, support type). 
Bar-shaped specimen provides a possibility to determine Young’s and shear moduli with the 
corresponding modes represented in Figure 52. 
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Figure 52. Bar-shaped specimen tested for flexural (a) and torsional (b) vibration [107]. 
Based on the flexural and torsional frequencies Young’s and shear moduli can be calculated via the 
equations [107]: 
           
     
     
     
   ( 80 ) 
 
     
     
    
   
 (
 
   
) 
( 81 ) 
Where E and G are the Young’s and shear moduli, respectively; m is the mass of the specimen; ff 
and ft are the measured flexural and torsional resonant frequencies; l, b and h are the length, width 
and thickness, respectively; T, B and A are the correction factors: 
 
          (                    )  (
 
 
)
 
       (
 
 
)
 
 
     (                   )  (
 
 )
 
        (                   )  (
 
 )
  
( 82 ) 
Where v is the Poisson’s ratio. If l/h ≥ 20, then T can be simplified to: 
           (
 
 
)
 
 ( 83 ) 
For the torsional vibration mode the B correction factors is: 
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  ( 84 ) 
The correction factor A has an effect of less than 2% and is omitted. 
Disc-shaped specimen gives a possibility to determine Young’s modulus and Poisson’s ratio. For 
these calculations two modes are required to be excited and the correspondent resonant frequencies 
are detected. The first vibration mode is depicted in Figure 53, whereas the second one is 
demonstrated in Figure 54. 
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Figure 53. Displacement diagram for disc-shaped specimen in first natural vibration mode 
[107]. 
 
Figure 54. Displacement diagram for disc-shaped specimen in second natural vibration mode 
[107]. 
Vital issues for the measurements with disc-shaped specimens are the positions of impulse and 
sensor, as well as the support type. The set-up in Forschungszentrum Jülich is upgraded to perform 
the measurements up to 1200 °C, and the position of the sensor (microphone) and impulse (striking 
nail) are restricted spatially. Therefore, the ideal positions of impulse and sensor (listed in ASTM) 
differ from the available ones and the set-up had to be modified. This problem and its solution are 
illustrated in Figure 55. 
 
Figure 55. Original (a) and modified (b) impulse and sensor positions for disc-shaped 
specimens. 
The small disadvantage of the modified configuration with respect to the first vibrational mode is 
that the sensor is not positioned at the locus of maximum displacement. At the same time, the 
impulse is imposed at the nodal circle of the second vibrational mode. The position of the impulse 
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is more important, therefore a misalignment of the sensor point was accepted. With respect to the 
second vibrational mode, both impulse and sensor positions are located at the nodal lines and locus 
of the maximum displacement of the first mode, respectively. 
The outcome of the measurements with the disc-shaped specimens is two frequencies: f1 and f2. 
According to ASTM E1876 Poisson’s ratio is determined via linear interpolation of the data 
classified by two parameters: 1) ratio of the second to first frequencies and 2) thickness-to-radius 
ratio. The interpolation table is given in the Appendix. 
Young’s modulus for disc-shaped specimens is calculated as: 
    
       
       (    )
  
    
 ( 85 ) 
 
   
       
       (    )
  
    
 
( 86 ) 
 
  
     
 
 
( 87 ) 
Where E is Young’s modulus; f1 and f2 are the resonant frequencies of the first and second mode, 
respectively; m, D and h are the specimen mass, diameter and thickness, respectively; v is Poisson’s 
ratio; K1 and K2 are the first and second geometric natural factors that are determined via linear 
interpolation of the data table given in the Appendix. 
A list of the bar- and disc-shaped specimens tested via impulse excitation technique is given in 
Table 17. 
Specimen 
designation 
Amount of 
tested 
specimens 
Testing conditions 
Sample 
dimensions [mm] 
SYT reduced bar 1 
RT – 960 °C in air 
Heating/cooling rate: 5K/min 
50 × 5 × 5 
SYT oxidized bar 1 
RT – 960 °C in air 
Heating/cooling rate: 5K/min 
50 × 5 × 5 
SYT reduced disc 1 
RT – 800 °C in air 
Heating/cooling rate: 5K/min 
Ø35 × 1.9 
ITM dense bar 1 
RT – 900 °C in air 
Heating/cooling rate: 5K/min 
50 × 8 × 1 
ITM porous bar 1 
RT – 900 °C in air 
Heating/cooling rate: 5K/min 
50 × 8 × 1 
ITM dense disc 1 
RT – 800 °C in air 
Heating/cooling rate: 5K/min 
Ø35 × 2.5 
ITM porous disc 1 
RT – 800 °C in air 
Heating/cooling rate: 5K/min 
Ø35 × 1.0 
Table 17. List of the specimens tested via impulse excitation technique. 
4.7 X-ray diffraction 
X-ray crystallography is an effective tool for the investigations of phase transformations. The 
principle is based on the change of the crystal lattice parameter a. The lattice parameter depends on 
the atomic species presented in a particular material, the amount of these atoms and available 
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thermal energy. Change in any of these governing parameters may lead to the reorganization of the 
crystal lattice (i.e. from tetragonal to cubic) and the corresponding mechanical properties also 
change. Table 18 summarizes the equipment used for these measurements in the present study. 
Diffractometer Philips X'Pert MRD 3050/65 with Eulerian cradle and motorized 
sample stage 
Radiation Cu-K, 40 kV/50 mA 
Primary optics Kß filter, polycapillary half-lens, cross slit collimator 0.6×1 mm
2 
Reflection, 2Ψ range Reflection (620), 140° – 146.5°, Δ 2 = 0.05°, 10s/step 
Method Ψ tilt, sin2 Ψ ≤0.5, equidistant in sin2 Ψ 
Corrections Absorption, linear background, Lorentz polarization, Rachinger K2 
subtraction 
Peak position Center of gravity, parabola fit, manual 
Table 18. XRD equipment. 
The data of the investigated materials are given in Table 19. 
Specimen 
designation 
Amount of 
tested 
specimens 
Testing conditions 
Sample 
dimensions 
[mm] 
SYT pellet 
(milled) 
1 
Vacuum (5·10-8 bar): 20 °C, 50 °C – every 
50 K – 300 °C, 800 °C 
Air: 800 °C – every 50 K °C – 50 °C – 20 °C 
Powder (≈ 1 µm) 
Table 19. Experimental data for material investigated with XRD crystallography. 
4.8 Thermal gravimetric analysis 
Thermal gravimetric analysis (TGA) is a high-precision device for the mass change detection. The 
device used for the measurements in the present study is STA 449C Jupiter by Netzsch. Technical 
characteristics are listed in Table 20. 
Parameter Description 
Temperature range -120 °C…1650 °C 
Heating/cooling rate 0.01 K/min…50 K/min 
Weighing range 5000 mg 
TG resolution 0.1 µg 
DSC resolution < 1 µW 
Atmospheres Inert, oxidizing or reducing. Static or dynamic. 
Table 20. Technical data of STA 449C Jupiter set-up by Netzsch. 
The set-up has an integrated mass flow controller for 2 purge gases and 1 protective gas. The 
machine provides high vacuum-tight assembly for pressures down to 10
-4
 mbar (10
-2
 Pa). 
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4.9 Thermal expansion measurement 
Thermal expansion coefficient was calculated based on the data obtained with Optical Fleximeter 
and Optical Dilatometer Misura® FLEX-ODLT. Technical characteristics of the device are given in 
Table 21. 
Parameter Description 
Optical measuring system 
FLEX: single laser beam 
ODLT: double laser beam 
Expansion/Contraction range  
(according to sample dimensions) 
ODLT: +15 %/ -25 % 
Length changing (according to sample dimensions) ODLT: + 7.5 mm/ - 12.5 mm 
Bending range (according to sample dimensions) FLEX: +3%/ -8% 
Bending changing (based on 70 mm) FLEX: +2 mm/ -5.5 mm 
Resolution ΔT · ΔL 0.1 °C · 478 nm 
Precision ODLT: 1/ 100 000 
Accuracy in α 0.05 · 10-6 K-1 
Temperature range on specimen from RT up to 1750 °C 
Heating rate 0.01… 30 K/min 
Cooling natural 
Atmospheres 
Oxidizing (static or dynamic), 
inert (dynamic) 
Table 21. Technical data of Misura® FLEX-ODLT set-up. 
The tested specimens with corresponding sample dimensions are listed in Table 22. 
Specimen 
designation 
Amount of 
tested 
specimens 
Testing conditions 
Sample dimensions 
[mm] 
ITM dense bar 3 
200 – 1000 °C in air 
Heating/cooling rate: 5 K/min 
50 × 8 × 1.3 
ITM porous bar 3 
200 – 1000 °C in air 
Heating/cooling rate: 5 K/min 
50 × 8 × 1.0 
Table 22. List of the specimens investigated with optical dilatometer. 
4.10 Porosity measurement 
Porosity is one of the main factors affecting the mechanical properties (see Section 2). Therefore a 
comprehensive investigation of the porosity influence on mechanical properties requires a reliable 
and reproducible porosity measurement technique. 
Porosity is typically classified into total, open and closed, where total porosity is the sum of open 
and closed porosities. 
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                  ( 88 ) 
For mechanical properties the total porosity is essential. A schematic pore classification is presented 
in Figure 56. 
 
Figure 56. Porosity classification (schematic). 
Common techniques used for the porosity measurements are Archimedes method and mercury 
intrusion porosimetry (MIP). The outcome of these measurements is the open porosity. With 
increasing porosity the pores increasingly merge forming a pore network. At some point the open 
porosity would dominate (almost all pores are merged). And the open porosity is approximately 
equal to the total porosity, i.e. the measurement results can be directly used for further analysis. 
Worsley et. al determined a threshold for closed-to-open porosity transition about 22 % (P = 0.22) 
[108]. Therefore, the results of mercury porosimetry or Archimedes method can be considered 
representative for the total porosity only for P values above 0.22. However, the transition porosity 
value is influenced by the pore morphology. 
Mercury intrusion porosimetry is based on Washburn’s equation: 
       
        
    
 ( 89 ) 
where dpore is the pore diameter, γ is the surface tension, θ is the contact angle and Pabs is the 
absolute pressure (measurement is performed under vacuum). One of the reasons of using mercury 
is its high surface tension (486.5 mN/m at 20 °C) [109], i.e. non-wetting property that allows the 
measurement of the bulk volume. With increasing pressure the mercury is injected into the pores 
and at the pressure corresponding to the smallest pore the mercury penetration stops (all pores are 
filled). The volume of injected mercury divided by the bulk volume is equal to the open porosity 
value. 
Equation ( 89 ) shows that the diameter of intruded pore can be decreased via the usage of a liquid 
with lower surface tension, lower contact angle or via increase of the pressure. Pressure regulation 
is actually the main principle of MIP. 
The advantages of mercury porosimetry are the ability to penetrate into the smallest pores (up to 
several nm in diameter) using high pressure pump, whereas the Archimedes method measurements 
are performed at atmospheric pressure (1 atm) without any additional pressure and penetration is 
driven only by the static pressure of the liquid. Nevertheless, there are some critical points that can 
lead to underestimated total porosity values: 
 “Bottleneck” pore interconnections do not allow penetration into the neighboring pores and 
lead to underestimation of total porosity. The situation is schematically presented in Figure 
57. 
 Closed pores are not filled with mercury and the total porosity value is underestimated. 
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Figure 57. Schematic of “bottleneck” problem for mercury intrusion porosimetry. 
One more disadvantage of the mercury porosimetry is that the specimens are contaminated with 
mercury after the measurement and can’t be used for further experiments that are relevant for the 
direct connection of mechanical tests and porosity. 
The Archimedes method is based on the same physics of Washburn’s equation ( 89 ) with the 
difference that the absolute pressure is the sum of static pressure of the liquid and atmospheric 
pressure: 
       
        
             
 ( 90 ) 
where dpore is the pore diameter, γ is the surface tension, θ is the contact angle, ρliq is the density of 
the intruded liquid, g is the gravitational acceleration (9.81 m/s
2
) and h is the depth of the 
measurement in the liquid. The only parameters possible to vary are the liquid properties (γ, θ, ρliq), 
while the immersion depth h is spatially fixed and defined by the set-up configuration. 
The liquids available for the measurements in Forschungszentrum Jülich were distilled water and 
ethanol. The immersion depth h was equal to 5 cm, atmospheric pressure in standard conditions is 
10
5
 Pa. The corresponding liquid properties along with the smallest pore diameter to intrude are 
listed in Table 23. 
Liquid Surface tension γ 
[mN/m] 
Contact angle θ 
[°] 
Liquid density ρliq 
[kg/m
3
] 
Pore diameter dpore 
[µm] 
Distilled 
water 
72.94 0 1000 2.86 
Ethanol 22.39 0 789 0.89 
Table 23. Physical properties along with the smallest pore diameter to intrude for distilled 
water and alcohol at room temperature (20 °C) and atmospheric pressure [109]. 
Hence, ethanol was chosen as the working liquid for Archimedes method porosity measurements 
within this work. The measurements were done following the standard DIN EN ISO 2738 for 
porous metal [110] and DIN EN 632-2 for ceramics [111]. 
Another porosity measurement technique is the image analysis of materials’ cross-sections. It is 
simply based on the ratio of the pore area to the total analyzed area. 
    
      
  
 ( 91 ) 
The advantage of this method is the direct measurement of the total porosity. For the analysis a 
cross-section of the specimen can be analyzed, because the two-dimensional porosity is equal to the 
three-dimensional, if there is no preferential orientation of the pores. The key point of the 
measurement is the sharp detection of the pore edges. The procedure of the pore edge determination 
is based on the contrast separation and is performed automatically via threshold definition. The 
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threshold definition is performed manually and could be an origin of uncertainty. An example of 
manual threshold definition is illustrated in Figure 58. 
       
Figure 58. Original light microscope image of moderate porous SYT cross-section (a) is 
analyzed automatically by setting the threshold to 100 units (b) and 105 units (c). 
At a first glance, the difference between the images with 100 units threshold and 105 units threshold 
is very small, whereas the corresponding porosity values are 0.29 and 0.32, respectively. The 
difference in porosity values is about 0.03 (about 10%) and cannot be neglected. Therefore, 
moderate and highly porous materials are not suitable for optical porosity measurement. 
The situation is different for denser samples. A SYT material cross-section analysis with the 
corresponding thresholds is demonstrated in Figure 59. 
       
Figure 59.Original light microscope image of low porous SYT cross-section (a) is analyzed 
automatically by setting the threshold to 100 units (b) and 105 units (c). 
Whereas the relative difference remains at the same level (about 9%), the absolute difference is 
0.008 that guarantees a total porosity determination with acceptable precision. 
Summarizing all the facts mentioned above the following porosity measurement procedure was 
established and used within this work: 
 First estimation of porosity was performed with image analysis. 
 For porosities below 0.15 the image analysis results were taken as total porosity values (10 
images were analyzed for sufficient statistical reliability of the results). 
 For porosities above 0.25 intrusion technique results were taken as total porosity values. 
Mercury intrusion results were taken if they were available. Else Archimedes method results 
measured with ethanol were taken as total porosity values. 
 For porosities between 0.15 and 0.25 the average of image analysis and intrusion technique 
was taken as representative total porosity values. 
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4.11 Oxidation experiments 
Oxidation experiments were performed to validate the results of FEM simulations described in 
subsection 4.12. For this purpose metal-supported half-cells were produced at Plansee SE. A cross-
section of a half-cell sample is presented in Figure 60. 
  
Figure 60. Metal-supported half-cell specimen produced for oxidation experiments. 
Within the half-cell only the anode was oxidized where Ni particles transformed into NiO. The 
oxidation of nickel was reported to induce 69.9 % volume expansion of the particles [76]. The 
oxidation expansion was supposed to induce additional tensile stresses in the half-cell structure 
leading to specimen bending [112]. Measurement of the curvature κ (or the reciprocal value: 
curvature radius Rcurv) with FEM simulations could give a possibility to quantify the stress state 
within the system. 
The furnace used for the oxidation process was a commercially available Instron furnace (maximal 
temperature 1000 °C, air). The curvature measurements were performed with a laser profilometer 
(Forschungszentrum Jülich, in-house construction). Curvature measurement was based on the 
localization of the half-cell surface coordinates with fitting of the data into a circle equation: 
 (    )
  (    )
       
  ( 92 ) 
where x and y are the Cartesian coordinates of the sample surface obtained with the profilometer, x0 
and y0 are the Cartesian coordinates of the center of the fitted circle and Rcurv is the curvature radius 
of the fitted circle. 
Tested specimens, their dimensions and the corresponding testing conditions are listed in Table 24. 
 
 
 
 
 
 
 
ITM porous support 
ITM porous support 
CGO DBL 
Anode substrate 
Anode active layer 
Electrolyte 
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Specimen 
designation 
Oxidation 
temperature 
[°C] 
Exposure to 
the peak 
temperature  
[min] 
Heating/Cooling program 
Sample 
dimension 
[mm
3
] 
HZ-S-V6 7 
HZ-S-V6 8 
800 30 
Heating (10 K/min):  
RT – 800 °C 
Cooling: natural cooling 
42 × 7 × 1 
HZ-S-V6 1 
HZ-S-V6 9 
HZ-S-V6 11 
HZ-S-V6 12 
800 360 
Heating (10 K/min):  
RT – 800 °C 
Cooling: natural cooling 
42 × 7 × 1 
HZ-S-V6 15 
HZ-S-V6 16 
HZ-S-V6 18 
700 
4080 
2870 
220 
Heating (10 K/min):  
RT – 700 °C 
Cooling: natural cooling 
42 × 7 × 1 
HZ-S-V6 13 
HZ-S-V6 14 
600 2870 
Heating (10 K/min):  
RT – 600 °C 
Cooling: natural cooling 
42 × 7 × 1 
ITM+Ni8YSZ 
234-1…234-10 
800 360 
Heating (10 K/min):  
RT –800 °C 
Cooling: natural cooling 
50 × 8 × 1 
Table 24. List of the half-cell specimens tested via oxidation experiments for FEM validation. 
4.12 FEM simulation 
FEM simulation is a fast tool for stress analysis of loaded systems. Its reliability was demonstrated 
during numerous simulations performed in SOFC application as well [113]. The simulations were 
performed both at macroscopic stack level [113] and microscopic cell level [114]. The results of 
FEM simulation were successfully applied for SOFC optimization [115]. Therefore, this technique 
was chosen as a tool for the comparison of full-ceramic and metal-supported SOFC concepts. 
ANSYS 14.0 Workbench was used for the simulation. The 2D model was quad meshed. 
The multilayered SOFC structure was analyzed in two dimensions due to the sample symmetry. The 
main simulation activities of this work were concentrated on the stress analysis of the SOFC core 
(cathode/electrolyte/anode/support system) at room and operation temperatures. Real 
microstructures of the components were exchanged with the dense materials having the 
macroscopic properties of the porous structures as it is presented in Figure 61. 
 
Figure 61. Real SOFC core microstructure (a) was replaced with the simplified dense 
multilayered system (b) for further FEM analysis. 
The same model geometry (length and thickness) was taken for full-ceramic cell for the FEM 
simulation and comparison. Cell support, anode substrate and anode active layer were set as made 
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of SYT, i.e. the corresponding thermomechanical properties were taken for the FEM analysis. Final 
structure was 1060 µm SYT with 5 µm 8YSZ. 
The macroscopic properties of the SOFC layers along with the correspondent temperature 
dependencies were taken from the literature review given in Section 3 and measurement results 
provided in subsections 5.1 and 5.3. Plastic deformation of the ITM material was taken into account 
using the stress - plastic strain curve at 800 °C (see subsection 5.3.3). The components were 
simulated with fully elastic behavior. The layers of ≤1 µm thickness (e.g. CGO diffusion barrier 
layer between the metallic support and the anode layer for the metal-supported concept) were left 
out of the modeling due to their minimal contribution to the elastic behavior of the SOFC system. 
This simplification reduced the number of elements and nodes of the model that decreased the 
calculation time and facilitated the model generation. 
As an important assumption chemical expansion of the anode active and substrate layers was 
substituted with the thermal expansion (εtherm = εox) in the simulation, since both processes lead to 
homogeneous expansion of the component. Thermal expansion is 
             ( 93 ) 
Where α is the thermal expansion coefficient and ΔT is the temperature difference. Because 
oxidation of the anode layers occurs during SOFC operation the mechanical properties were 
simulated using data for T ≈ 800 °C as a typical operation temperature. The condition that oxidation 
induced and thermal expansion could be considered to be equal can be fulfilled by the iteration of 
either α or ΔT. For the first iteration ΔT was set to 1 K to fulfill the condition for mechanical 
conditions mentioned above (the difference in mechanical properties of the material at 801 °C and 
800 °C was neglected), whereas the thermal expansion coefficients of the anode substrate and anode 
active layers were taken equal to the amount oxidation expansion (see subsection 3.2.1.3) since ΔT 
was set to 1 K. Further iteration steps of ΔT keeping TECs constant were performed until the 
simulated curvature radius Rcurv,sim corresponded to the experimental Rcurv,exp. 
Since the oxidation process finalizes at the operation-temperature, hence the temperature of the 
whole multilayered SOFC structure (i.e. metallic support, anode substrate, anode active layer and 
electrolyte) was set to 800 
o
C. 
Boundary conditions (see Figure 62) for the simulation were taken as: 
 Zero-displacement in vertical direction for the lower ITM substrate corners; 
 The ΔT for anode substrate and anode active layer were iterated till Rcurv,sim = Rcurv,exp. 
 
Figure 62. Boundary conditions for the half-cell oxidation simulation. 
Curvature measurement of the simulated half-cell structures were based on the geometrical 
parameters of the model and final deflection according to the bending geometry: 
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 ( 94 ) 
where Rcurv is the curvature radius, L is the length of the simulated specimen and f is the deflection 
in the center of the bended specimen. 
The simulation was performed on smaller geometry: the length was taken equal to 7 mm 
corresponding to the transversal cross-section of the oxidized specimen (42 × 7 × 1 mm3) iterating 
the curvature radius Rcurv (i.e. curvature κ as well) equal to the average experimental value. 
After the validation procedure the simulation was used for the generation of optimization proposals 
for both, full-ceramic and metal-supported SOFC concepts. 
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5 Results and discussion 
5.1 SYT material 
5.1.1 Microstructure 
Hot pressed and tape-cast material was investigated. The microstructure of pressed SYT was 
investigated in as-received state with the aid of light and laser confocal microscopy (Figure 63). The 
microstructural differences of the tested geometries were small and hence influences of 
microstructural on mechanical properties are assumed to be negligible. The porosity of the pressed 
grade was determined to be 0.08 for the material sintered at 1400 °C (5 h) and 0.30 for the samples 
sintered at 1350 °C (3 h). 
   
Figure 63. Light microscope images of a pressed SYT bar sintered at 1400 °C for 5 hours (a) 
and a plate sintered at 1350 °C for 3 hours (b). 
The porosity of the tested tape-cast specimens varied from 0.068 to 0.474 depending on the 
sintering temperature. Typical cross-sections of the materials are given in Figure 65. 
The subsequently determined dependence of the total porosity on sintering temperature for both 
SYT grades is represented in Figure 64. 
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Figure 64. Porosity dependence on sintering temperature for SYT material. 
The difference in sintering behavior of tape-cast and warm-pressed material was assumed to be 
related to the difference in the specific surface area of the starting powders that affected the 
sintering behavior. The SYT tape-cast starting powder was reported to have a high specific surface 
area with an average primary particle size of ≈ 83.5 nm [66]. For the pressed SYT the average 
primary powder particle size was reported to be 0.8 – 1 µm. This means that the tape-cast SYT 
powder had higher sinterability and required lower temperatures to reach the same density as SYT 
pressed material, which agreed with the results presented in Figure 64. 
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Figure 65. SEM images of tape-cast SYT material sintered at 1200 °C (a), 1220 °C (b), 1240 
°C (c), 1260 °C (d), 1280 °C (e), 1300 °C (f), 1320 °C (g) for 2 hours. 
The grain sizes were measured only for the pressed SYT material following the procedure described 
in the subsection 2.1. The results were fitted with the log-normal distribution function (eq. ( 9 )) are 
depicted in Figure 66. The parameters     and     were determined to be 1.24 and 1.015, 
respectively. 
 
Figure 66. Grain size distribution with the corresponding log-normal probability density 
function and the respective equation for SYT material. 
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The slight overshooting of the grain size distribution can be attributed to a faulty detection of the 
grain boundary, e.g. the region indicated in Figure 67 was interpreted as 1 grain of 4 µm2, whereas 
in reality it consisted of 2 grains of 2 µm2. This could happen if the neighboring grains have almost 
identical crystal orientation and hence the scattered electrons have almost identical reflection 
intensity, i.e. color on the image. 
 
Figure 67. SEM image of pressed SYT cross-section for grain size analysis with a highlighted 
example of problematic grains. 
Grain size analysis of the tape-cast material was not carried out since a clear grain separation in the 
SEM images was not possible. 
Two phases were present in both material grades. Their chemical composition was determined with 
EDX point analysis. The main phase (> 95 %) was detected to be (Sr+Y)0.862TiO2.72 (Sr and Y peaks 
were difficult to distinguish). The second phase (< 5 %) was characterized as a titanium-rich phase 
(Sr+Y)0.09TiAl0.01O1.98. The presence of aluminium in the second phase could originate from 
impurities in the sintering oven. 
 
All results in atomic % 
Spectrum O Al Ti Sr 
1 64.3 0.4 32.4 2.9 
2 59.4 0.0 21.8 18.8 
Figure 68. Element analysis of SYT material with the corresponding contents. 
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5.1.2 Young’s modulus 
The Young’s modulus was measured with microindentation, ring-on-ring bending and impulse 
excitation techniques. For the calculations of microindentation value EIND the Poisson’s ratio υ was 
assumed to be equal to that of pure SrTiO3, υ  = 0.232 [116]. 
The microindentation measurement result (EIND = 155 ± 10 GPa) at room temperature in air for the 
reduced (as-received state) bar-shaped specimen was in reasonable agreement with the impulse 
excitation technique result of the same bar (EIET = 162 GPa). The slightly lower value of EIND could 
a result of the local fracture of the material under the indentation mark (Figure 69). The material 
that chipped out under the indentation tip inhibited the elastic response during unloading and hence 
changes the slope S (Figure 40), and consequently the apparent Young’s modulus, was lower. 
 
Figure 69. Microindentation imprint (1 N) on the surface of a polished SYT sample. 
Ring-on-ring bending at room temperature in air (EROR = 139 ± 1 GPa) for an as-received, reduced 
disc revealed a slightly lower value than the other two methods (EIND = 155 ± 10 GPa; EIET = 
162 GPa). 
Previous reports concluded that the dynamic modulus measurements (EIET) led to the lowest scatter 
and the highest absolute value. Bending test modulus measurements yielded the lowest value. 
Vickers indentation results (EIND) demonstrated the highest data scatter and EIND values between 
both other methods [117, 118]. 
The same trend was observed for experiments with SYT: EIET > EIND > EROR. Impulse excitation 
was reported to be the technique with the highest precision [118]. Therefore, the absolute values 
obtained via impulse excitation technique EIET were used for further analysis. Further comparison 
and discussion of the data obtained using the different techniques were therefore partly performed 
on the basis of normalized data. 
Selected tape-cast SYT specimens (SYT stripes 1-8 in Table 10) were used to determine the 
Young’s modulus-porosity dependence. The available sample geometry permitted only indentation 
testing to be carried out, which revealed for the thin stripes (0.2 mm) an extremely high sensitivity 
of the absolute Young’s modulus value to the carrier material that was used to fix the specimens.  
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A first attempt was performed with SYT stripe 7 in which the material was embedded in 
commercially available Epoxy® 2000 resin yielding a Young’s modulus 102 GPa, which is a very 
low value for dense SYT (P = 0.068). The reason for the deviation from the previously determined 
value (EIND = 155 ± 10 GPa) was related to the contribution of the resin support to the elastic 
response (Esubstrate = 3 GPa). This contribution was extremely strong due to the additional fact that 
the embedded samples were grinded and polished that led to a further decrease of the stripe 
thickness from ≈ 200 µm to < 100 µm. Therefore, the results of the SYT stripes embedded in Epoxy 
2000 were not further analyzed within this work. 
A second attempt was performed with SYT stripe 7 in which the material was glued to an aluminum 
oxide support (Esubstrate = 274 GPa) yielding a Young’s modulus 168 GPa, a reasonable value for 
dense SYT (P = 0.068) since EIND = 155 ± 10 GPa (P = 0.077). This could be associated with the 
higher thickness of the glued samples (no grinding and polishing, thickness ≈ 200 µm) and lower 
contribution of the relatively stiff Al2O3 support. 
Therefore, the results of SYT stripes 1-7 glued to the Al2O3 ceramic substrate were used for further 
analysis. They were fitted with the previously proposed power, non-linear, linear and exponential 
dependencies (Table 5). The experimental results along with the corresponding fits are depicted in 
Figure 70. Note that the Ramakrishnan-Arunachalam equation (table 5) only allows fitting to the 
Young’s modulus of the dense material (E0) which explains the relative large deviation to the 
experimental data. 
 
Figure 70. Microindentation results (1 N load) of tape-cast SYT stripes glued to aluminium 
oxide support with the corresponding fitting curves. 
The R-squared and χ-squared parameters of the fits are given below in Table 25. 
Parameter Phani-Niyogi 
(power) 
Ramakrishnan-Arunachalam 
(non-linear) 
Fryxell-Chandler 
(linear) 
Wang 
(exponential) 
R-squared 
χ –squared 
0.9965 
0.3266 
0.8544 
8.9986 
0.9909 
0.6703 
0.9949 
1.0042 
Table 25. Comparison of the Young’s modulus - porosity fits. 
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The Phani-Niyogi (power) fit was the closest to unity for R-squared and yielded the lowest χ-
squared parameter, therefore it was chosen as the most appropriate porosity dependence fit for the 
SYT material with the corresponding parameters: a = 1.7 and n = 1.3. 
As mentioned above, the absolute values determined for tape-cast SYT stripes might have been 
biased by the substrate material. Hence to obtain a more representative porosity dependence the 
results were analyzed in normalized form. For normalization the E0 parameter determined from the 
Phani-Niyogi porosity fit (E0 = 210 GPa) was taken. The results of the normalization are shown in 
Figure 71. 
 
Figure 71. Normalized Young’s modulus – porosity dependence for SYT material. 
The absolute value from impulse excitation (EIET = 162 GPa for P = 0.077) was used for the 
recalculation of the absolute E0 value, since the technique appeared to be most accurate, yielding 
the final Young’s modulus-porosity dependence to be 
       (       )    ( 95 ) 
SYT bars were also tested in the as-received reduced and oxidized states as a function of 
temperature using IET. The sample porosity was 0.077 in this case. The results are presented in 
Figure 72. 
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Figure 72. Young’s modulus EIET of oxidized and reduced specimens measured with impulse 
excitation technique. 
There were two effects visible for the reduced and oxidized specimens. The first was a Young’s 
modulus maximum that was observed during both, heating and cooling, i.e. it was related to a 
reversible process. The second one was a shift of this maximum to lower temperatures for the 
oxidized material. 
As-received (i.e. reduced) material showed the Young’s modulus peak (EIET ≈ 200 GPa) value at 
≈ 250 °C, whereas for the oxidized sample the peak is shifted to ≈ 80 °C. The shift was supposed to 
be related to the presence of oxygen vacancies: as-received reduced material had a larger amount of 
O-vacancies in the crystal lattice. Further explanations of the observed effects are given in the 
subsection 5.1.4. 
Summarizing the data for oxidized and reduced SYT extrapolated to the SOFC-relevant porosity 
value (P = 0.35) resulted in Ered = 75 GPa and Eox = 88 GPa. The values were close to the Young’s 
modulus of Ni-8YSZ with the same porosity (ENi-8YSZ = 60 GPa, Figure 27). 
5.1.3 Poisson’s ratio 
The Poisson’s ratio was measured by IET. The specimen geometry and testing conditions are listed 
in Table 17. After the measurement the reduced specimen obtained an oxidized layer of < 100 µm 
thickness. The effect of oxidation on the Poisson’s ratio was neglected. The results are presented in 
Figure 73. 
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Figure 73. Poisson’s ratio for the SYT material measured in air as a function of temperature. 
The decrease in Poisson’s ratio from room temperature up to ≈ 250 °C was associated with the same 
effect that was responsible for the Young’s modulus increase in Figure 72. Starting from ≈ 250 °C 
up to 800 °C the Poisson’s ratio remained almost independent of temperature having some small 
fluctuations in the value (standard deviation < 1 %) possibly related to the measurement error. 
5.1.4 Chemical stability and phase transitions 
SYT material was sintered in a Ar/ 4% H2 mixture which led to the formation of oxygen vacancies 
(Sr0.895Y0.07TiO3-δ). With respect to the oxygen deficiency an investigation with thermal gravimetric 
analysis was performed (Figure 74). 
 
Figure 74. Thermal gravimetric analysis of SYT material in air. 
During the first heating-cooling cycle the sample gained 0.3 % weight. Further cycling did not 
reveal any further change in materials’ weight. The weight gain was assumed to be solely 
corresponding to the refilling of previously formed oxygen vacancies, i.e. after the first cycle the 
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material became oxygen-saturated (Sr0.895Y0.07TiO3). Backward recalculation of the mass gain into 
the oxygen atoms content yielded the value of oxygen deficiency in as-received material: δ ≈ 0.03, 
i.e. Sr0.895Y0.07TiO2.97. 
The (for ceramics untypical) increase in Young’s modulus from room temperature to ≈ 200 °C 
triggered additional X-ray diffraction investigations resulting in a lattice parameter – temperature 
dependency. The investigation procedure along with the temperature history is listed in Table 19. 
The investigated SYT material was determined to be orthorhombic with the lattice parameters very 
close to tetragonal at room temperature: a ≈ b ≠ c. The uncertainty of the clear definition of the unit 
cell structure (either orthorhombic or tetragonal) was based on 2 facts: 
 Lattice parameters a and b were found to be slightly different (the measurement precision 
was 0.001 Å, whereas the difference in measured values was in the same order of 0.001 Å) 
that could be related to the measurement uncertainty and the unit cell could be accepted to 
be tetragonal. However, the second fact contradicted this version. 
 No tetragonal-unique or orthorhombic-unique reflections were detected. However, this 
could mean that they were not detectable with the available equipment. Nevertheless, some 
reflections typical for both tetragonal and orthorhombic unit cells were found and are 
described below. 
Due to that the unit cell of the SYT material is called “pseudo-tetragonal”. The corresponding 
lattice parameters were calculated from the shift of tetragonal reflections. The lattice parameters 
were measured at room temperature (20 °C), 50 °C, 100 °C, 150 °C, 200 °C, 250 °C and 300 °C. 
The lattice parameters a and b were set equal. The results are given in Table 26. 
Temperature 
[°C] 
Lattice parameters 
apseudotetr [Å] bpseudotetr [Å] cpseudotetr [Å] α = β = γ [°] 
20 
50 
100 
150 
200 
250 
300 
5.5142 
5.516 
5.519 
5.523 
5.527 
5.530 
5.533 
5.5142 
= a 
= a 
= a 
= a 
= a 
= a 
7.8076 
7.809 
7.811 
7.813 
7.816 
7.820 
7.824 
90 
90 
90 
90 
90 
90 
90 
Table 26. Lattice parameters of the reduced SYT material determined via XRD. 
Some typical features of both orthorhombic and tetragonal crystal orientation were detected for the 
SYT material. These features were the unique reflections at certain 2θ angles. The reflections were 
expected to be detected about 38 °2θ (103, 211 and 121-reflections of the orthorhombic and 
tetragonal structure) and about 104 °2θ (splitting of the cubic 400-reflection into 440 and 008 
reflections of the orthorhombic and tetragonal structure). The resulting XRD pattern of the as-
sintered material is presented in Figure 75. 
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Figure 75. XRD spectrum of as-sintered milled SYT material at room temperature in air with 
the characteristic high angle line splitting and superlattice reflection at 38 °2θ. 
The expected line splitting reflections were detected: additional reflection at 38.3 °2θ and the 
reflection splitting at 104.3 °2θ. Therefore, the crystal structure of the current SYT material at room 
temperature was proved to be pseudo-tetragonal. 
Next step was to check the stability of the as-sintered pseudo-tetragonal crystal structure at higher 
temperatures. Previously performed investigations by Ranjan and Pandey detected a similar 
orthorhombic-cubic transition for Sr1-XCaXTiO3 at ≈ 200 °C [119]. A transition was observed as a 
removal/merging of the high angle reflections. Therefore, the investigations within this 
measurement campaign were also focused on the possible splitting features and the angle regions 
30-41 °2θ and 100-128 °2θ were precisely analyzed. Additionally, previously performed Young’s 
modulus measurements indicated the possible finalization of the transformation process at 
≈ 200 °C. The XRD data was collected from room temperature up to 250 °C with the step of 50 K 
in vacuum (5∙10-8 bar). A control measurement at room temperature after the heating campaign was 
performed to check if the effect was reversible (which was observed for Young’s modulus). The 
results for the reflection at 38.3 °2θ are presented in Figure 76. 
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Figure 76. Orthorhombic-tetragonal reflection evolution at 37.5-38.5 °2θ during the heating 
process along with the after-test RT measurement. 
The peak corresponding to the pseudo-tetragonal crystal lattice disappeared at about 200 °C. After-
test spectrum analysis revealed a recovery of the reflex (25 °C after HT-RD, black line). Therefore, 
a change in tetragonal lattice was detected and the effect was completely reversible. The same effect 
was observed for the reflection at 104-105 °2θ as demonstrated in Figure 77. 
 
Figure 77. Tetragonal-unique reflection evolution at 104-105 °2θ during the heating process 
along with the after-test RT measurement. 
Two reflections correspondent to the pseudo-tetragonal splitting (440 and 008 reflections) merged 
together at about 200 °C and formed a 440 singlet. A similar effect was previously observed for  
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Sr1-XCaXTiO3 at ≈ 200 °C [119]. Hence, a reversible pseudo-tetragonal-cubic transition was verified 
for SYT material. 
Quantitative information on the pseudo-tetragonal-cubic transition was obtained in terms of lattice 
parameter - temperature dependence. To visualize the previously mentioned transition the measured 
orthorhombic-tetragonal lattice parameters (                                   ) were recalculated 
into the cubic ones (              ), i.e. focusing on the other unit cell: 
      
           
√ 
      
           
√ 
      
           
 
 ( 96 ) 
The possibility of such a recalculation is demonstrated in Figure 78. 
 
Figure 78. Unit cell geometry of the same crystal lattice interpreted as cubic unit cell-based (a) 
and pseudo-tetragonal unit cell-based (b). 
The results of the measurement are depicted in Figure 79. 
 
Figure 79. Evolution of the lattice parameters with temperature for SYT material focusing on 
the cubic unit cell. 
The cubic lattice parameter      recalculated from the pseudo-tetragonal lattice parameters 
            and             increased linearly with temperature, however, the slope of the increase 
was different (5.0·10-5 Å/K for the value calculated from            ; 2.2·10
-5
 Å/K for the value 
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calculated from            ). At 200 °C the lattice parameters reached equal values (3.908 Å) which 
should be interpreted as the completion of the pseudo-tetragonal-cubic transition. The following 
measurement steps (250 °C and 300 °C) revealed even a linear increase of both lattice parameters 
with temperature (5.0·10-5 Å/K). Slight difference between the lattice parameters could be 
associated with the experimental uncertainty (± 0.001 Å). 
To check the effect of oxidation on Young’s modulus the powder was heated up to 800 °C and 
oxidized in air. Prior to the oxidation the lattice parameter was measured in vacuum to check the 
linear increase of the cubic lattice parameter with temperature. Taking previous measurement result 
for 300 °C (     = 3.912 Å) and extrapolating them to 800 °C with the already determined slope 
(5.0·10-5 Å/K) the lattice parameter was expected to be 3.9337 Å. The measured value was 3.9337 
Å verifying the linear increase of the cubic lattice parameter from 300 °C to 800 °C. 
After the measurement at 800 °C in vacuum the material was oxidized at 1 bar for about 2 hours 
(125 minutes). The oxidation was assumed to be completed since the powder has larger surface area 
than a bulk material. The lattice parameter of the oxidized material was 3.9467 Å. This increase in 
     was a result of the chemical expansion (oxidation) of the material. The corresponding 
chemical expansion was equal to 3.3∙10-3. 
The final step was the measurement of the lattice parameter of the oxidized material in air down to 
the room temperature in steps of 50 K. The results of the entire high-temperature XRD campaign 
are represented in Figure 80. 
 
Figure 80. High-temperature measurement XRD measurement in vacuum with the following 
oxidation of the SYT material. 
The oxidized SYT material did not indicate any split in lattice parameters between 300 °C and room 
temperature. However, a slight change of the slope appeared to be visible between 50 °C and RT. 
Hence, oxidation of the material (i.e. incorporation of the oxygen atoms into the crystal lattice) 
stabilized the cubic unit cell within the temperature region (50 °C – 800 °C) and appeared to shift 
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the pseudo-tetragonal-cubic transition to temperatures close to or below RT. This explains the shift 
of the anomalous increase in the Young’s modulus – temperature measurement for the oxidized 
SYT (Figure 72). 
A schematic representation of the pseudo-tetragonal-cubic transition is depicted in Figure 81. 
 
Figure 81. Schematic unit cell transformation for SYT material. 
5.1.5 Thermal expansion coefficient 
Thermal expansion coefficients were also calculated from the temperature dependencies of the 
lattice parameters. 
   
  
     
 ( 97 ) 
Where   is the thermal expansion coefficient,    is the lattice parameter increase,    is the initial 
lattice parameter and    is the temperature difference for which the TEC is calculated. For the as-
sintered SYT material in vacuum (i.e. in reduced state) TEC is anisotropic between RT and 200 °C. 
The results are summarized in Table 27. 
 Temperature region TEC [K
-1
] 
Reduced material RT – 200 °C 
RT – 200 °C 
200 °C – 800 °C 
            direction: 12.8·10
-6
 
            direction: 6.0·10
-6
 
11.0·10-6 
Oxidized material 50 °C – 800 °C 11.5·10-6 
Table 27. Thermal expansion coefficients of the reduced and oxidized SYT material 
recalculated from the XRD data. 
The value was similar to the previously reported value of 11.8·10-6 K-1 [120], where no anisotropy 
in TEC was observed at macro-scale. The reason could be that during the detected transition the 
unit cell volume was increasing linearly leading to a linear thermal expansion at the macro-scale. 
5.1.6 Strength 
Fracture stresses of individual specimens were measured using ring-on-ring bending tests. Testing 
conditions and geometry are given in subsection 4.4.1. 
The results are summarized in Table 28 in terms of the characteristic strength (failure probability 
≈ 63.4 %) and Weibull modulus with the corresponding standard deviations. 
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Sample 
designation 
Testing conditions* Amount 
of tested 
samples 
Characteristic 
strength 
[MPa] 
Weibull 
modulus 
Porosity 
SYT 
reduced 
discs 
3.3/10, RT, air, 1 N/min 
3.3/10, RT, air, 10 N/min 
3.3/10, RT, air, 100 N/min 
3.3/10, RT, air, 1000 N/min 
5 
5 
8 
5 
139 ± 11 
157 ± 28 
113 ± 10 
118 ± 11 
5.7 ± 2.6 
2.5 ± 1.1 
4.0 ± 1.4 
4.6 ± 2.0 
0.04 
SYT 
reduced 
discs 
3.3/10, RT, air, 100 N/min 
3.3/10, 700°C, air, 100 N/min 
3.3/10, 800°C, air, 100 N/min 
8 
3 
5 
113 ± 10 
127 ± 11 
125 ± 8 
4.0 ± 1.4 
6.3 ± 3.6 
7.0 ± 3.1 
0.04 
*Testing conditions are listed as the radius of the loading/supporting ring [mm], testing 
temperature, testing atmosphere, loading rate. 
Table 28. Fracture stress data obtained with ROR technique for SYT material. 
The set of specimens tested using different loading rates did not demonstrate an increase of strength 
with increasing loading rate rather a slight decrease appears to be visible. Hence any clear 
dependence of the characteristic strength on the loading rate as an indication of a subcritical crack 
growth sensitivity could not be verified and, therefore, the material might be defined as rather inert 
under an oxygen containing wet atmosphere. 
A second set of experiments was performed to check the elevated-temperature fracture strength 
behavior of the SYT material. Overall, the fracture stresses followed the Young’s modulus-
temperature behavior. Hence, at typical SOFC-operation temperatures (≈ 800 °C) the material has 
an increased strength compared to room temperature. 
The porosity dependence of the SYT strength was established based on the data published by 
Vozdecky et al. [66]. Combined with the investigation on the Young’s modulus-porosity 
dependency suggested that the strengths followed the same behavior. Both, Young’s moduli and 
strength values for SYT tape-cast material as a function of porosity are plotted in Figure 82. 
 
Figure 82. Young’s modulus and strength as a function of porosity for tape-cast reduced SYT 
material. 
In general, the strength agreed with the Young’s modulus – porosity dependence with a moderately 
higher value for the sample with P = 0.068. 
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The strength data were fitted to the Phani-Niyogi (equation ( 22 )) power law with the 
corresponding constants and was established for tape-cast SYT as: 
       (   )  ( 98 ) 
Compared to Ni-8YSZ composite values (σNi-8YSZ = 60…120 MPa depending on the production 
process, Figure 30) the material demonstrated a similar strength of σSYT= 68 MPa for P = 0.35. 
5.1.7 Fractographic investigations 
The specimens broken in ring-on-ring bending tests were of particular interest from the 
fractographic point of view, since the material used for these tests was similar to the real SOFC 
substrate that will be used in application (about 0.35). However some additional samples with low 
porosity (about 0.04) were also available for the fractographic investigations. 
Localization of fracture origins was started with the analysis of fracture pattern for both, high- and 
low-energy fractured samples, i.e. high and low bending strength values, respectively. Examples are 
shown in Figure 83. 
  
Figure 83. Fracture patterns of pressed SYT discs (P = 0.04): (a) low-energy fracture (σB = 55 
MPa) and (b) high-energy fracture (σB = 197 MPa). 
The fracture patters along with the amount of broken pieces and fracture pattern classification are 
listed in Table 29. 
Sample 
designation 
Specimen number Porosity Amount of 
fractured pieces 
Fracture pattern 
SYT  
reduced plate 
1, 4, 8, 9, 11, 16, 17, 19 
3, 6 
2, 5, 15 
7, 12, 18 
0.35 
2 
3 
4 
5 
low-energy 
low-energy 
low-energy 
intermediate-energy 
SYT reduced 
disc 
3, 4, 5, 10, 13, 18 
1, 8, 11, 21 
2, 6, 7, 9, 19, 20 
16, 17 
12, 15 
14 
0.04 
2 
3 
4 
5 
6 
8 
low-energy 
low-energy 
low-energy 
intermediate-energy 
intermediate-energy 
high-energy 
Table 29. Fracture pattern classification for pressed SYT samples with intermediate and 
SOFC-relevant porosity. 
Most of the samples had low-energy fracture patterns indicating either the presence of large defects 
or curved edges. Both would lead to inhomogeneous stress distribution during loading and early 
fracture of the sample with a low amount of fractured pieces. 
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SEM investigations of pressed SYT discs with low porosity (P = 0.04) detected the presence of 
poorly sintered regions both in the bulk and at the surface for all fracture patterns. The size of the 
defects varied up to 100 µm. An example of such a defect is demonstrated in Figure 84. 
  
Figure 84. Pressed reduced SYT disc 15 with intermediate-energy fracture pattern 
demonstrating the presence of the bad-sintered region. 
SEM investigations of the pressed reduced SYT plates with SOFC-relevant porosity (P = 0.04) did 
not reveal any large defects at the fractured surface. Nevertheless, the specimens had curved edges 
that could be the reason of low-energy fracture pattern. An example is shown in Figure 85. 
 
 
Figure 85. Fracture surface of the SYT reduced plate 11 without large manufacturing defects 
but curved edges. 
In some cases (cylinder-shaped specimens with low porosity) the defect size was extremely large 
and fracture occurred already during the production process. An example of such a defect is 
depicted in Figure 86. 
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Figure 86. Cross-section of the cylinder-shaped specimen produced for the compressive creep 
test with the corresponding defect formed during the production process. 
Fractographic investigations also revealed a transgranular fracture mode for the reduced samples 
tested at room temperature, 700 °C and 800 °C. The fracture surface of a sample tested at 700 °C is 
shown in Figure 87. No grain boundaries were observed at the fracture surface. Therefore SYT was 
classified as material with transgranular fracture mode at room temperature and SOFC operation-
relevant temperatures. 
 
Figure 87. Fracture surface of the sample tested at 700 °C investigated with laser confocal 
microscope. 
5.1.8 Dislocation slip 
Vickers microindentation of the polycrystalline SYT material at T = RT with a load of 0.5 N 
resulted in the formation of parallel plastic deformation lines around the indent (Figure 88). 
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Figure 88. Slip bands observed after Vickers microindentation at a load of  0.5 N in (a) and 
visualization of corresponding large grains in (b). 
Similar effects were previously observed for BaTiO3 giant crystals, where the slip systems {110} 
⟨110⟩ were activated during indentation [121]. In situ observation of the nanoindentation process of 
a SrTiO3 single crystal demonstrated an activation of {1 ̅0} ⟨110⟩ slip system [122]. Therefore, slip 
plane orientation and its movement direction were determined. Slip plane orientation was 
determined via the reconstruction of the data obtained with the electron backscattered diffraction 
(EBSD) detector installed in SEM. The corresponding crystal lattice orientation for the grains with 
observed slip bands are presented in Figure 89. 
 
Figure 89. Crystal lattice orientation reconstructed from the EBSD detector data for the 
grains with the corresponding slip band orientations. 
Slip bands were observed only within the largest grains situated close to the indentation imprint. 
The proximity to the imprint was related to the shear stress maximum that overcame the critical 
value. Slip direction determination was not possible in the current investigation. 
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5.1.9 Creep rate 
Creep rates of reduced SYT material were investigated via three-point bending in static loading, 
since specimens suitable for compressive tests could not be fabricated. A testing temperature of 
900 °C was chosen which was higher than the SOFC operation temperature (800 °C) since pre-tests 
at 800 °C indicated deflection deformations of less than 0.5 µm (e.g. 0.1 µm deflection) and 
extremely low deflection rates (≈ 0 µm/h) that would imply excessive experimental times and large 
uncertainties in the results for this temperature. 
The specimen geometry and testing conditions are listed in Table 13. Particular specimen 
dimensions and the corresponding creep rates for 900 °C are presented in Table 30. 
Sample 
designation 
Porosity Temperature 
[°C] 
Applied stress 
[MPa] 
Duration 
[h] 
Deflection 
[µm] 
Creep rate  
[s
-1
] 
SYT bar 0.13 900 
93 
198 
16 
4 
1.1 µm 
0.9 µm 
5∙10-10 
18∙10-10 
Table 30. Creep data for SYT material tested at 900 °C in air. 
The corresponding stress exponent was determined to be n ≈ 1 corresponding to diffusional creep or 
grain boundary sliding according to Table 4 (subsection 2.3). Further investigation on the oxidation 
pressure dependence of the creep rate was not carried out within the current work. 
The sample porosity was lower than for a typical SOFC substrate material. Therefore the results had 
to be extrapolated to the SOFC relevant porosity value P = 0.35. The applied stress was calculated 
based on the macroscopic sample dimensions, i.e. the loaded area was considered like the sample 
would be completely dense. 
      
      
      
 ( 99 ) 
However, in the real situation a porosity factor should be included and the real average stress for the 
porous structure was: 
       
      
        ( )
 
    
 ( )
 ( 100 ) 
This relationship gives a rough estimate of the real average stress since the stress concentrations 
resulting in locally induced creep are neglected. The porosity dependence f(P) was based on the 
Young’s modulus data fitting (equation ( 95 )). Therefore, f(P) = (1-1.7∙P)1.3. The conversion from 
P = 0.13 sample into P = 0.35 implied that σBULK = const: 
     (      )            (      ) ( 101 ) 
The results were compared with the creep data of Ni-8YSZ (56 wt.% NiO sintered in air with the 
following reduction and final porosity P = 0.43) [123]. The data for Ni-8YSZ were also converted 
to P = 0.35 using equation ( 100 ). The comparison is shown in Figure 90. 
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Figure 90. Creep rates of SYT material tested at 900 °C in air along with the data for Ni-
8YSZ (56 wt.% NiO) cermet tested at 750 °C and 800 °C [123]. 
The SYT material exhibited a lower strain rate than Ni-8YSZ even at higher temperature, which 
was related to the absence of metallic particles (Ni component of Ni-8YSZ). Therefore, it could be 
concluded that SYT material has a superior creep resistance. 
5.2 SYT-3YSZ composite 
The investigations outlined above demonstrated for the reduced SYT material that the strength 
needed to be improved. One possibility was to mix the reduced SYT material with a material of 
higher strength. However, some factors had to be taken into account: 
1. A continuous matrix of the added component should be formed within the final as-sintered 
composite. If this criterion is not satisfied, the added component does not sufficiently 
contribute to the fracture resistance on a macroscopic level. 
2. A continuous matrix of SYT must be formed in order to provide the conductivity of the 
composite required for the fuel cell anode substrate layer. 
3. Young’s modulus of the added material should be higher than the one of SYT. If this 
criterion is satisfied, the load applied to the composite is mainly supported by the added 
high modulus material (see subsection 3.2.1.6). 
4. Thermal expansion coefficients of both SYT and the addition should be compatible. 
Based on the above-mentioned requirements 3YSZ material was chosen to be added and composites 
were produced in dense and porous states. 3YSZ is already widely-used in fuel cell production as 
the component of Ni-based cermet anodes [124]. Its high mechanical strength (about 1050 MPa for 
dense state) and Young’s modulus (about 200 GPa) were found to be promising as the additive for a 
SYT-based composite [104]. Its thermal expansion coefficient (10.9∙10-6 K-1 [125]) was compatible 
with the average TEC value for SYT (11.0∙10-6 K-1) measured in this work. However, the TEC 
anisotropy determined for the reduced SYT grade between room temperature and 200 °C could 
pose some mismatch problems. 
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5.2.1 Microstructure 
The composition and production conditions are listed in Table 10. Microstructure and phase 
distribution were investigated with SEM. 
  
Figure 91. SEM images of the cross-sections of the SYT-3YSZ (50 vol.%) porous in (a) and 
dense in (b) composite. 
The composite phase distribution in the as-sintered state was homogeneous. The porosity values 
were determined to be ≈ 0.37 for the porous and ≈ 0.01 for the dense grades, respectively. 
5.2.2 Strength and Young’s modulus 
Fracture stresses were determined using the ring-on-ring bending test. Testing conditions and 
sample geometry are listed in subsection 4.2.1. 
The results are summarized in Table 31. 
Sample 
designation 
Testing conditions* 
Amount 
of tested 
samples 
Characteristic 
strength 
[MPa] 
Weibull 
modulus 
Porosity 
SYT-3YSZ 
plates 
3.3/10, RT, air,  
100 N/min 
12 53 ± 3 6.0 ± 1.7 0.37 
SYT-3YSZ 
discs 
3.3/10, RT, air,  
100 N/min 
10 284 ± 15 5.9 ± 1.8 0.01 
Table 31. Characteristic strength and Weibull moduli of SYT-3YSZ composites. 
Young’s moduli of porous and dense SYT-3YSZ (1:1) composites were 33 ± 7 GPa and 
203 ± 6 GPa, respectively. 
The strength of the pure SYT material was 62 MPa which was higher than that of the pressed SYT-
3YSZ porous composite. This was associated with a possible presence of extremely large defects 
that decreased the strength of the composite, as proved in the following subsection. 
5.2.3 Fractographic investigations 
Fracture patterns of the SYT-3YSZ composite (vol.1:1) specimens are presented in Figure 92. 
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Figure 92. Fracture patterns of SYT-3YSZ (vol. 1:1) dense discs: (a) low-energy fracture (σB = 
167 MPa) and (b) intermediate-energy fracture (σB = 331 MPa). 
Light microscope investigations of the cross-sections of the porous composite indicated the 
presence of rather large cracks within the as-received microstructure (Figure 93). 
  
Figure 93. Light microscope images of cracks in as-sintered SYT-3YSZ porous composite. 
Similar defects were observed for the dense SYT-3YSZ composite (Figure 94). 
  
Figure 94. Fracture surface of the specimen SYT-3YSZ disc 1 with a large defect. 
The origin of this type of cracks could be specific sintering behavior of the composite slurry with a 
subsequent defect formation. A further optimization of the material was out of the scope of the 
current investigation. 
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5.3 ITM™ alloy 
5.3.1 Microstructure 
Both dense and porous grades were characterized. The corresponding microstructures are presented 
in Figure 95. 
  
Figure 95. ITM alloy microstructures: (a) dense and (b) porous. 
Dense and porous ITM alloy samples revealed a homogeneous single phase structure without 
secondary phase precipitations. Some minor microstructural defects were present in the dense 
material (areas with small voids), which are common for metals prepared via rolling as reported by 
the materials’ supplier [68]. 
The grain size of the polished samples of both grades was made visible by chemical etching 
(electrolytic etching with 5 % H2SO4). Dense ITM sample revealed highly-deformed grains (result 
of the sintering metallurgy and finishing rolling process) as illustrated in Figure 96. 
 
Figure 96. Grain microstructure of dense ITM [68]. 
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The porous material was analyzed parallel and perpendicular to the rolling direction. Some very 
large grains were detected in the cross-section parallel to the rolling direction (up to 360 µm2). 
  
Figure 97. LM images in (a) and (b) grained microstructure of porous ITM parallel to the 
rolling direction. 
Four material cross-sections were prepared (polished and electrochemically etched with 5 % 
H2SO4) and the grain areas were measured. One of the cross-sections is illustrated in Figure 98 
along with the subsequent grain detection. 
  
Figure 98. Chemically etched grained microstructure of ITM sintered alloy (a) and the 
corresponding grain size determination with AnalySIS Pro software (b). 
The resulting grain areas were classified in steps of 5 µm2. Overall 1546 grains were assessed and 
the corresponding single grain size distributions along with the cumulative one are plotted in Figure 
99. 
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Figure 99. Grain size distribution of sintered ITM alloy in terms of grain area for single 
images and the cumulative one. 
The cumulative data was fitted with the log-normal PDF (equation ( 9 )). The parameters required 
for the probability density function (    and    ) were calculated from the image analysis 
(cumulative data). The mean value of natural logarithm values was the average of grain size natural 
logarithms (3.46) and the corresponding standard deviation of natural logarithm values was 1.04. 
The resultant PDF had the form: 
  ( )  
    
 
     ( 
(        ) 
    
) ( 102 ) 
The cumulative data along with the resultant fit are depicted in Figure 100. 
 
Figure 100. Log-normal fitting curve with the cumulative data for ITM sintered alloy. 
The calculated PDF reconstructed the grain size distribution in terms of cross-sectional area within 
ITM sintered alloy and fitted the grain size data well. 
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5.3.2 Young’s modulus 
Young’s modulus was measured with two techniques. The initial test series was carried out using 4-
point bending of dense ITM alloy specimens. Sample geometry and testing conditions are listed in 
Table 14 (subsection 4.4.3). Oxidation effects due to the air exposure were previously checked for a 
similar heating-cooling cycle: RT -(5 K/min)→ 900 °C (1 hour) -(5 K/min)→ RT. No indications of 
a significant oxide layers that might affect the elastic behavior were observed. 
The second set of measurements was performed using IET in air. Sample geometry and testing 
conditions are listed in Table 17 (subsection 4.6). Like in the case of 4-point bending, oxidation 
effects were neglected. An additional Young’s modulus measurement of the porous ITM grade was 
performed via tensile test at room temperature (Figure 16) [68]. The value determined from the 
stress-strain curve was 198 GPa. The results are summarized in Figure 101. 
 
Figure 101. Young’s modulus - temperature dependence for dense ITM. 
The absolute Young’s modulus values revealed a slight difference (-3.8 % for tensile test and 
+11.6 % for four-point bending taking the IET value at RT as the reference). Tensile results were in 
good agreement with IET data. Typical engineering values of chromium-rich steels are ≈ 200 GPa 
[126]. Therefore, the IET values are considered to be representative. 
A better comparison of the Young’s modulus – temperature dependencies obtained with different 
techniques was possible using normalized data (divided by the corresponding RT value, see Figure 
102). 
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Figure 102. Normalized Young’s modulus (E/ERT) - temperature plots for the dense ITM. 
Both IET and 4PB agreed up to 400 °C, whereas at 600 °C, 800 °C and 900 °C four-point bending 
data showed a stronger decrease than the impulse excitation values (-34 % for 4PB in the contrary 
to -27 % for IET). 
Impulse excitation seemed to yield the most realistic and most accurate values, since here the 
temperature steps were smaller than in four-point bending experiments (10 K compared to 200 K, 
respectively), and calculations from four-point bending data could be biased by an error due to 
typical specimen geometry and contact uncertainties that might lead to under- or overestimations. 
Hence, the IET results were considered to be representative for temperature dependency and 
absolute values. 
A similar IET campaign was performed for porous ITM. The results are presented along with the 
data for dense ITM in absolute and normalized form in Figure 103. 
  
Figure 103. Absolute (a) and with respect to the room temperature value normalized (b) 
Young’s moduli of dense and porous ITM obtained using the impulse excitation technique in 
air from room temperature up to 900 °C. 
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The normalized plot verifies that temperature dependence of the Young’s modulus is independent 
of the porosity. A change in slope was observed between 500 °C and 600 °C. The effect was 
observed during heating and cooling for both dense and porous material, therefore the slope change 
could be considered to be related to an intrinsic mechanism that is completely reversible. 
Dever observed a similar behavior of elastic constant at high temperature for α-iron [127]. The 
investigations demonstrated a strong correlation between elastic constants and ferromagnetic-
paramagnetic transition. This type of transition is a second-order phase one (continuous phase 
transition). 
Korzhavyi et al. investigated magnetic exchange interaction in Fe-Cr alloys and established a Curie 
temperature – Cr content dependence [128]. Extrapolating the value to Fe-26%Cr system the Curie 
temperature should be about 600 °C. That is approximately the temperature of the slope change that 
was observed for ITM in the impulse excitation results. 
Ridley and Stuart observed a drop in true (physical) thermal expansion coefficient at Curie 
temperature [129]. Hence, also here a TEC measurement was selected as the indicator of 
ferromagnetic-paramagnetic transition and the results are presented in subsection 5.3.5. 
Another important point could be figured out from the dense/porous ITM measurement. Porosity 
measurements for the delivered porous ITM material based on the Archimedes principle in distilled 
water yielded a value of ≈ 0.38. The Young’s modulus of the porous ITM might be estimated based 
on the modulus measurements of the dense material. A room temperature Young’s modulus was 
calculated using the Phani-Niyogi model (see above for SYT, E = E0∙(1-1.7·P)
1.3
) leading to 
≈ 53 GPa with E0 = 206 GPa as fixed parameter from the IET measurement of the dense ITM. A 
subsequent IET measurement at a porous sample led in good agreement to a value of 52 GPa and 
hence, it is verified that the Phani-Niyogi model can be used for the estimation of the Young’s 
modulus of porous ITM. 
An additional Young’s modulus measurement of the porous ITM grade was performed via tensile 
test at room temperature. The value determined from the stress-strain curve was 52 GPa that was in 
agreement with the IET measurement and proved the applicability of the impulse excitation 
technique for porous metals in absolute values. 
5.3.3 Ultimate tensile strength, plastic deformation 
Tensile tests were performed with the porous ITM specimens to determine the ultimate tensile 
strength at room temperature and SOFC-relevant temperatures. The specimen geometry and testing 
conditions are described in the subsection 4.5.2. Young’s modulus determination from the slope 
was not possible due to the contribution of the set-up to the measured total strain value. Yield stress 
determination was not reliable since the end of elastic slope was difficult to localize. Ultimate 
tensile strength is the maximum stress value in the stress-strain curves. 
A first trial was performed to check the possibility of multi-specimen tests: 3 samples were attached 
parallel to the testing jig (trial ITM porous uniaxial 4-5-6). The results were compared to the single 
tests at room temperature (ITM porous uniaxial 1, ITM porous uniaxial 2 and ITM porous 
uniaxial 3). The results are given in Figure 104. 
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Figure 104. Stress-strain curves of the porous ITM specimens at room temperature tested in 
single (ITM stress-strain 1 to 3) and multiple (ITM stress-strain 4-5-6) configurations. 
The results demonstrated good agreement between single and multiple configurations. Therefore, 
the multiple configuration (parallel testing of 3 samples at the same time) was chosen as testing 
procedure for high-temperature experiments due to reduced experimental time. The high-
temperature results are presented in Figure 105. 
 
Figure 105. Stress-strain curves of the porous ITM specimens at 600 °C, 700 °C, 800 °C in 
multiple-specimen configuration. 
The ultimate tensile strengths are summarized in Table 32. For the samples tested at room 
temperature the average values with standard deviation for 6 specimens were calculated. 
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Sample designation Testing temperature Ultimate tensile strength [MPa] 
ITM porous stress-strain 1 to 6 RT 126 ± 5 
ITM porous stress-strain 10-11-12 600 °C 65 
ITM porous stress-strain 13-14-15 700 °C 41 
ITM porous stress-strain 7-8-9 800 °C 34 
Table 32. Ultimate tensile strength values for the porous ITM at RT, 600 °C, 700 °C, 800 °C. 
A rough estimation of plastic deformation of the porous ITM material at SOFC operation 
temperature (T = 800 °C) was done. For this purpose the stress-strain curve of the multiple 
configuration tested at 800 °C was evaluated. 
The contribution of the measurement set-up to the measured strain value (set-up strain) was 
quantified with a stiff dummy sample that did not significantly deform during the test. The results 
are presented with the corresponding measurement on porous ITM in Figure 106. 
 
Figure 106. Total strain measurements of the porous ITM grade along with the set-up strain 
contribution at 800 °C. 
Therefore, the set-up strain was extracted from the strain measured for ITM 7-8-9 multiple 
configuration. The onset of plastic deformation was localized at ≈ 500 N. The resulting stress – 
plastic strain curve for porous ITM material is presented in Figure 107. These data are used for the 
FEM simulations described in the following section. 
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Figure 107. Stress – plastic strain curve for porous ITM at 800 °C. 
5.3.4 Poisson’s ratio 
The Poisson’s ratios were determined on the basis of the impulse excitation data for disc-shaped 
specimen for both dense and porous ITM. The geometry and the experimental conditions are listed 
in Table 17 (subsection 4.6). The results are presented in Figure 108. 
 
Figure 108. Poisson’s ratio as the function of temperature for ITM alloy measured in air. 
The value for the dense material depended on the rolling direction. The corresponding measurement 
configurations are presented in Figure 109. 
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Figure 109. IET measurement configurations for the dense ITM disc specimen. 
It was observed that the Poisson’s ratio was rather insensitive to the temperature for the 
configuration “Dense ITM 2”. However, a slight increase was observed from room temperature up 
to 300 °C (+ 0.2 % per 100 K). The onset of a decrease was determined to start at about 300 °C with 
a minimum at about 600 °C and a following increase up to 800 °C. The behavior between 300 °C 
and 800 °C is supposed to be associated with the ferromagnetic-paramagnetic transition of ITM 
alloy. 
A different behavior was observed for the “Dense ITM 1” configuration. The main tendency was 
the decrease of Poisson’s ratio with temperature, with a pronounced drop related to the 
ferromagnetic-paramagnetic transition. 
5.3.5 Thermal expansion coefficient 
The thermal expansion coefficient was measured for both dense and porous three times for different 
specimens. The specimen geometries and experimental conditions are listed in Table 22. The results 
are presented in Figure 110. 
 
Figure 110. Technical thermal expansion coefficient of dense and porous ITM grades. 
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A small deviation (≈ 2.5 %) between the three samples was observed for dense and porous material. 
This deviation can be attributed to the geometry sensitivity and evaluation algorithm of the device. 
The overlapping of dense and porous grades measurement results led to the conclusion that the 
thermal expansion coefficient is independent of porosity. 
According to the previous discussion with respect to the Curie point of ITM (subsection 5.3.2) the 
true (scientific) TEC is depicted in Figure 111 along with the Young’s modulus. 
 
Figure 111. Young’s modulus and true TEC temperature dependencies for dense ITM grade. 
The drop in true TEC between 450 °C and 650 °C indicates a temperature diapason of the 
ferromagnetic-paramagnetic transition. 
5.3.6 Creep rate 
Creep rates of the porous ITM material were measured via static tensile experiments (see subsection 
4.5.1). The results are presented in Figure 112 along with the data for dense ITM measured by 
Plansee SE [68]. 
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Figure 112. Creep rate of dense [68] and porous (measured within this work) ITM grades 
measured at operation-relevant temperature vs. nominal stress. 
The reproducibility of the measured creep rates values was checked with a measurement performed 
at the same conditions for 2 different probes (25 MPa at 650 °C). The obtained values were almost 
equal. According to equation ( 12 ) the creep rate dependency on stress is quantified by the stress 
exponent n. The fitted equations are listed in Table 33. 
Material Temperature Stress exponent 
ITM dense 
650 °C 
750 °C 
800 °C 
10.2 
18.7 
17.6 
ITM porous 
650 °C 
750 °C 
800 °C 
6.3 
3.0 
2.5 
Table 33. Stress exponents for dense and porous ITM grades. 
The results demonstrated a decrease of stress exponent with increasing T for the porous grade 
whereas for the dense ITM it increased with T. This could be associated to a transition of creep 
mode dislocation creep to diffusional creep mode (n = 1) in the porous ITM. This kind of transition 
could be represented as it is shown in Figure 113. 
The decrease of the stress exponent with the increasing temperature could be associated to the 
switch of the creep mechanism. In this case the decrease of the stress exponent due to the 
mechanism switch dominates the increase of the stress exponent due to the increase in testing 
temperature. 
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Figure 113. Schematic representation of a creep mechanism change. 
The data for porous ITM measured at 650 °C was not fitted well with the power law proposed by 
equation ( 12 ). This could be explained as the transition region (kink) for creep mechanism 
explained in Figure 113. 
A high stress exponent was previously observed by Kunschert for a similar dense ITM alloy [69]. 
The determined stress exponent was equal to 27. Such a high value was explained by the attractive 
interaction between the moving dislocations (responsible for the material creep) and the dispersoids 
(mechanical alloying of the ITM alloy with Y2O3 powder). Therefore, the main investigations were 
concentrated on the presence, size and distribution of the yttrium oxide particles within the porous 
ITM material. 
For this purpose SEM investigations of the porous ITM samples in as-received and creep-tested (25 
MPa and 40 MPa at 650 °C in air) states were performed. The SEM images are shown in Figure 
114. 
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Figure 114. SEM images of the as-received (a), creep-tested 25 MPa at 650 °C in air (b) and 
creep-tested 40 MPa at 650 °C in air (c). 
The general trend observed for the investigated specimens was that higher creep load corresponded 
to a higher amount of Y-rich particles. The distribution of key elements forming precipitates was 
characterized via EDX analysis at a large scale. The results are given in Figure 115. 
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 All results in atomic % 
Spectrum Ti Cr Fe Y Mo 
1 
 
0.3 
 
 
26.3 70.7 0.3 2.4 
2 
 
 
3 
0.3 26.3 70.6 0.4 2.4 
3 0.2 26.4 71.0 0.0 2.4 
4 0.3 26.6 70.8 0.0 2.3 
5 0.2 26.4 71.0 0.0 2.4 
6 0.5 26.3 70.0 0.7 2.5 
Figure 115. EDX analysis of the chemical composition at large scale for the as-received porous 
ITM specimen. 
The large scale analysis revealed an inhomogeneity in Y and Ti distribution within the material, 
whereas the other components were distributed rather homogeneously. EDX point analyses were 
performed in the region marked by rectangle to determine the composition of single precipitations 
present in the material. 
EDX spectra of particles in the zoomed region are presented in Figure 116. 
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Figure 116. EDX analyses of particles in the zoomed region (as-received porous ITM alloy). 
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The spot size of the EDX measurements was about 2 µm. Therefore some background data could be 
found in the spectra (Fe, Cr, Ti, Mo) that belonged to the alloy itself. The spots 1, 3 and 4 revealed 
similar spectra with an amount of Y counts depending on the size of the investigated particles. The 
spot 2 revealed the presence of high amount of aluminium which was not expected to be present in 
this alloy and could be an impurity coming from the production process. The white particles were 
associated with the Y-rich phase, whereas the black particles were referred to as Al-rich phase. 
The Y-rich phase was previously found by Kunschert in the form of single large (about 1 µm size) 
and numerous very-small (tens of nm) particles. The presence of the large particles was explained 
as the result of mechanical alloying with Y2O3, whereas the small ones were associated with the 
dissolution of Y from the Y2O3 dispersoids in the Fe-Cr matrix of the ITM alloy and re-
precipitation of a Y-rich phase [69]. According to the previously mentioned mechanism of attractive 
interaction between dislocations and the Y-rich phase and the results obtained by Kunschert, a 
homogeneous distribution of the nano-sized Y-rich phase resulted in the high stress-sensitivity 
(n = 27) of the alloy [69]. 
The porous ITM material revealed a higher amount of Y-rich precipitates in the samples tested at 
higher static tensile load. Whether the higher amount of such precipitates was induced by the higher 
local stresses in such specimen or the higher amount of precipitates was present in the alloy in as-
received state was not clarified within this work. The temperature dependence of the creep rate 
could therefore not be precisely explained. Further investigations on the temperature- and stress-
dependence of the formation of Y-rich phase and its evolution should be performed within another 
work and could be of particular interest in terms of further creep resistance enhancement. 
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5.4 FEM Simulation 
5.4.1 Simulation of oxidation-induced stresses 
In this part of the work the simulation of oxidation induced stresses was performed with a 
subsequent comparison of the simulation results and experimental observations. The oxidation 
experiments are described in subsection 4.11. The main condition for the comparison was the 
agreement of the curvature radii obtained in the FEM simulation and experimentally for the 
oxidized half-cell specimen, i.e. Rcurv,FEM = Rcurv,EXP. The comparison of the results was based on the 
conformity of the maximum principal stress position in the simulation with the position of 
experimentally observed failure. 
5.4.1.1 Oxidation of the metal-supported half-cell 
The experimental details (geometry, exposure temperature, exposure duration, etc.) are given in 
Table 24. 
The experiments started with the oxidation of a polished metal-supported half-cell. The 
microstructure of the half-cell was characterized with SEM before and after oxidation that was 
carried out in air at a temperature of 800 °C. The temperature was chosen in order to obtain a 
sufficiently fast and complete oxidation of the nickel particles. The as-received and oxidized 
microstructures are illustrated in Figure 117. 
  
Figure 117. Polished cross-section of metal-supported half-cell before (a) and after (b) 
oxidation at 800 °C in air. 
The oxidation of the nickel particles led to the delamination of the anode along horizontal cracks. 
The cracks propagated through the porous 8YSZ matrix. Some vertical cracks in the electrolyte 
layer were also detected. 
The images above were obtained at the edge of the specimen. In order to verify that the observed 
state is characteristic for the entire specimen ≈ 20 % of the sample width were removed by 
polishing. The presence of electrolyte cracks was also detected in the bulk part of the oxidized 
specimen (see Figure 118). 
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Figure 118. Cross-section of the half-cell (HZ-S-V6 8) oxidized in air at 800 °C, ≈ 20 % of the 
half-cell removed by polishing. 
Another important feature observed from the oxidation experiments was the delamination of the 
anode layer from the diffusion barrier layer (DBL) that was deposited on the ITM support. This 
anode detachment was observed along the entire specimen and also in the polished cross-section 
(see Figure 119). 
 
Figure 119. Anode detachment from the diffusion barrier layer of the ITM support. 
This fact was also proved by measurements performed by project partner Plansee. Tensile tests of 
the as-received half-cells quantified that the tensile strength was about 15 MPa. Post-experimental 
fracture surface EDX analysis of the fracture surface revealed that the fracture occurred mostly 
along the DBL/anode boundary [68]. 
In fact the nickel particles were not completely oxidized as verified in the cross-section by EDX 
analysis (see Figure 120). 
  
Figure 120. Polished cross-section of a metal-supported half-cell (HZ-S-V6 8) oxidized in air 
at 800 °C. 
The degree of oxidation was not quantified due to the absence of suitable specimens. However, this 
work is going on within the project activities. 
116 
 
Finally, another detail related to the Ni oxidation process was observed: the anode active layer (80 
wt.% Ni) became almost completely dense as shown in Figure 120. This is obviously associated 
with a decrease of the porosity of the layer (also valid for the anode substrate layer) with a 
corresponding increase in Young’s modulus, which may lead to a decrease of curvature with 
increasing degree of oxidation). 
From the microstructure analyses of oxidized metal-supported half-cells it can be concluded that: 
 The oxidation was not complete after exposure of the half-cell to air at 800 °C for 30 
minutes (with following convectional cooling); 
 The electrolyte layer cracked after oxidation with a higher crack density close to the edge of 
the specimen; 
 The anode substrate layer detached from the diffusion barrier layer; 
 A densification of both anode substrate and active anode layers occurred. 
To clarify some of the points mentioned above, ITM substrate specimens with Ni-8YSZ (65 wt.%. 
Ni) layer and CGO diffusion barrier layer between them without electrolyte layer were investigated 
before and after 6 hours oxidation at 800 °C. The respective oxidation conditions are listed in Table 
24, the specimens are designated as ITM+Ni8YSZ. The oxidized microstructure is shown in Figure 
121. 
 
Figure 121. ITM substrate with thin CGO layer and Ni-8YSZ (65 wt.% Ni) layer after 
oxidation in air for 6h at 800 °C. 
Two facts can be observed from this additional oxidation experiment: 
 The nickel particles were also not completely oxidized after prolonged oxidation of 360 
minutes at 800 °C in air; 
 However, in this case no detachment of the anode layer from the CGO DBL was observed. 
The improved adhesion of the anode to the diffusion barrier layer might be a result of the absence of 
the electrolyte layer whose deposition is associated with high compressive stresses in the electrolyte 
layer surface of about 2 GPa [68]. These additional stresses are obviously also relevant for the 
delamination at the anode/DBL interface. Although this point was not investigated in details in this 
work, it should be the aim of future studies. 
117 
 
5.4.1.2 Curvature of the oxidized half-cells 
More oxidation experiments with half-cells were performed at 600 °C and 700 °C in order to 
evaluate their oxidation behavior at different potentially operation-relevant temperatures and to 
obtain information on a stability limit for the respective cells. The only difference between the 
sample cross-sections was the degree of oxidation that is depicted in Figure 122. 
  
Figure 122. Oxidized half-cells at 800 °C for 30 minutes (HZ-S-V6 8) (a) and at 600 °C for 
2870 minutes (HZ-S-V6 13) (b). 
Cracked electrolyte, anode detachment and the densification of both active and substrate anode 
layers were observed also for the half-cells oxidized at 600 °C. 
The resulting curvatures κ are given in Table 34. 
Sample 
designation 
Temperature 
[°C] 
Time at peak temperature 
[min] 
Curvature after test 
[m
-1
] 
HZ-S-V6 1 
HZ-S-V6 7 
HZ-S-V6 8 
HZ-S-V6 9 
HZ-S-V6 11 
HZ-S-V6 12 
HZ-S-V6 13 
HZ-S-V6 14 
HZ-S-V6 15 
HZ-S-V6 16 
HZ-S-V6 18 
800 
800 
800 
800 
800 
800 
600 
600 
700 
700 
700 
360 
30 
30 
360 
360 
360 
2870 
2870 
4080 
5200 
150 
11.4 
12.6 
11.3 
8.6 
11.0 
11.3 
10.6 
11.5 
10.2 
10.7 
15.4 
Average ± standard deviation 11.3 ± 1.7 
Table 34. Curvatures κ of the oxidized half-cell stripes. 
The scatter of the oxidation curvature was rather high for samples oxidized under identical 
conditions. Nevertheless, in the frame of this scatter the curvature was quite similar for the samples 
oxidized at different temperatures and durations with some exceptions (HZ-S-V6 9 and HZ-S-
V6 18). This might be a result of microstructural inhomogeneities of the half-cell structures 
(especially anode) where local stresses led to a large scatter and delamination fracture of the anode 
layer additionally affecting the final curvature. 
The inhomogeneity was checked for a single Ni-8YSZ (65 wt.% Ni) anode layer on ITM porous 
substrate with electrolyte. The resulting curvatures κ are given in Table 35. 
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Sample designation 
Temperature 
[°C] 
Duration at peak temperature 
[min] 
Curvature after test 
[m
-1
] 
ITM+Ni8YSZ 234-1 
ITM+Ni8YSZ 234-2 
ITM+Ni8YSZ 234-3 
ITM+Ni8YSZ 234-4 
ITM+Ni8YSZ 234-5 
ITM+Ni8YSZ 234-6 
ITM+Ni8YSZ 234-7 
ITM+Ni8YSZ 234-8 
ITM+Ni8YSZ 234-9 
ITM+Ni8YSZ 234-10 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
360 
360 
360 
360 
360 
360 
360 
360 
360 
360 
12.0 
13.5 
11.8 
11.5 
11.5 
12.3 
13.0 
12.7 
13.5 
12.5 
Average ± standard deviation 12.4 ± 0.8 
Table 35. Curvatures κ of the oxidized ITM substrate stripes with a single Ni-8YSZ layer 
(65 wt.% Ni). 
The standard deviation of the results within the batch with electrolyte was ≈ 15 % whereas for the 
batch ITM+Ni8YSZ the standard deviation was ≈ 6 %. This might be a hint towards a better 
mechanical integrity of the ITM+Ni8YSZ specimens (no anode delamination was observed) that 
increased the reproducibility of the oxidation test via avoidance of the anode delamination and 
stress redistribution within the specimens. 
5.4.1.3 FEM simulation of the oxidation process 
As mentioned above the parameter used to characterize the validity of the FEM model with respect 
to the oxidation experiments was the curvature radius Rcurv and reciprocal curvature radius, i.e. 
curvature κ, calculated via equations ( 92 ) and ( 94 ). 
Simulation of the minimum and maximum curvatures obtained during the oxidation of half-cell 
specimens (κ =8.6 m-1 for HZ-S-V6 9 and κ =15.4 m-1 for HZ-S-V6 18) indicated a change of the 
stress distribution (maximum principal stress) within the electrolyte layer (see Figure 123 and 
Figure 124). 
 
   
Figure 123. Maximum principal stress distribution within a SOFC half-cell structure after 
oxidation with the curvature 8.6 m
-1
 with maximum in electrolyte layer. 
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Figure 124. Maximum principal stress distribution within a SOFC half-cell structure after 
oxidation with the curvature 15.4 m
-1
 with maximum in electrolyte layer. 
The key observations were: 
a) The electrolyte layer was under high tensile stresses for both characteristic curvatures given 
in Table 36. The average stress in the electrolyte layer was higher for the oxidized sample 
with the largest curvature (+71 %) that would lead to more cracks than for oxidation 
resulting in lower curvature. 
Sample 
designation 
Curvature 
[m
-1
] 
Maximum Principle Stress 
[MPa] 
Average ± standard deviation Max. value 
HZ-S-V6 9 8.6 1047 ± 128 1368 
HZ-S-V6 18 15.4 1787 ± 168 2101 
Table 36. Maximum principal stress data for the oxidized half-cells. 
b) The maximum values were observed close to the free edges for both curvature cases. This 
should lead to a higher crack density at the edge of the sample in comparison to the inner 
region for both high and low curvature of oxidized specimens. 
Investigations of the surface of the oxidized half cells in Figure 125 (κ =8.6 m-1 for HZ-S-V6 9 and 
κ =15.4 m-1 for HZ-S-V6 18) demonstrated massive cracking of the electrolyte layer. 
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Figure 125. Surface of the as-received half-cell stripe (a) along with the electrolyte cracking 
surface patterns of the oxidized half-cells with κ =8.6 m-1 (b) and κ =15.4 m-1 (c). 
The half-cell with the lowest curvature (HZ-S-V6 9) revealed an electrolyte crack pattern with 
larger distance between the cracks and wider cracks, whereas the half-cell with the largest curvature 
(HZ-S-V6 18) showed a crack pattern with more intensive segmentation and narrower cracks. 
Recalling the oxidation conditions for the samples (Table 24) it can be concluded that the peak 
oxidation temperature which governs the oxidation rate did not play a detrimental role in the crack 
pattern formation (this case would lead to the opposite results than observed since the sample with 
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the smallest curvature was oxidized at 800 °C, whereas the maximum curvature was obtained for T 
= 700 °C). Magnified crack patterns are presented in Figure 126. 
  
Figure 126. Crack patterns of the oxidized half-cell stripes with κ =8.6 m-1 (a) and κ =15.4 m-1 
(b). 
The oxidation degree did not appear to be the main factor affecting the crack patterns either because 
the sample with higher cracking density had similar curvature and lower degree of oxidation as it 
was demonstrated in Figure 122. 
Some cracks at the sample edge in the electrolyte layer appeared to be induced by the cutting 
process and were not related to anode oxidation. For both oxidized samples long oxidation-related 
cracks were observed close to the edge that were related to higher tensile stresses in the electrolyte. 
The crack classification is given in Figure 127. 
 
Figure 127. Crack classification for the oxidized half-cell specimens. 
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The cracks according to the above described classification are listed in Table 37. 
Sample 
designation 
State 
Curvature 
[m
-1
] 
Cracks observed 
HZ-S-V6 22 as-received -  machining cracks 
HZ-S-V6 9 oxidized 8.6 
 machining cracks 
 low-intensity random segmentation cracks 
 high tensile stress edge cracks 
HZ-S-V6 18 oxidized 15.4 
 machining cracks 
 high-intensity random segmentation cracks 
 high tensile stress edge cracks 
 high tensile stress bulk cracks 
Table 37. Cracking investigation results of as-received and oxidized half-cell specimens. 
Differences in the random segmentation patterns can be explained by the higher stresses in the 
electrolyte layer in the case of the oxidized sample with a larger curvature which is in agreement 
with the simulation. Another feature of the anode oxidation process was the formation of edge 
cracks for both specimens, HZ-S-V6 9 and HZ-S-V6 18. This observation was associated with the 
high stresses close to the edges that was predicted by the FEM simulation. Therefore, again the 
experimental observations agreed with the FEM simulation results and the FEM model taking into 
account effective layer properties can be used as a tool for further analysis of SOFC oxidation. 
It should be noted that the stress values obtained in this FEM simulation are to be considered as 
idealized ones since the local microstructural features (surface roughness, slight distortions in the 
anode height, difference in Ni particle size etc.) might increase or decrease the local stresses leading 
to predominate electrolyte cracking. Nevertheless, the simulation results can serve as a tool for 
further comparison of SOFC concepts and optimization. 
5.4.2 Comparison of the full-ceramic and metal-supported SOFC concepts 
FEM modelling results for the metal-supported half-cell were also used for the comparison of both 
concepts for the case of complete homogeneous oxidation. Metal-supported and full-ceramic 
concepts were compared in terms of maximum principal stress state of the operation malfunction-
relevant electrolyte layer. The boundary conditions were equal to the case discussed above, i.e. the 
lower corners of the 2D model were restricted to the motion in vertical direction. The full-ceramic 
model demonstrated concave shape in contrast to the convex shape of the metal-supported cell as 
shown in Figure 128, which can be related to the fact that the non-oxidizing electrolyte layer is 
above the neutral axis for the full-ceramic cell. 
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Figure 128. Concave shape for the full ceramic half-cell in (a) and the metal-supported one in 
(b). 
High tensile stresses were present in the electrolyte layer of the full-ceramic half-cell, though it was 
on the apparently compressive side of the half-cell. This can be explained by the domination of the 
local tensile stresses associated with the oxidation of the support and anode (both were SYT 
material) over the compressive stresses coming from the specimen curvature, i.e. bending. Final 
stress distribution within a multilayered structure is the sum of all stresses arising from different 
sources. In this particular oxidation case the stresses were caused by: 
 Homogeneous oxidation of one layer (SYT for the full-ceramic half-cell) or two layers 
(graded Ni-8YSZ anode for the metal-supported half-cell); 
 Curvature of the specimen. 
From the FEM simulations it can be concluded that the oxidation-induced local stresses dominate 
over the stresses originating from the specimen curvature. This can be verified by the simulation of 
the full-ceramic fuel cell with a doubled oxidation expansion for the SYT support and anode layers, 
i.e. 6.6∙10-3, which results in a larger curvature. The larger curvature will induce larger compression 
stresses due to bending. Nevertheless, the stress state of the electrolyte layer increased drastically as 
it is compared in Table 38 proving the domination of the local oxidation stresses. 
Run 
Oxidation 
strain 
Curvature* 
[m
-1
] 
Maximum Principle Stress in the electrolyte layer 
[MPa] 
Average ± standard deviation Max. value 
No. 1 3.3∙10-3 -0.15 457 ± 38 465 
No. 2 6.6∙10-3 -1.19 914 ± 76 930 
*negative curvature sign reflects the convex shape of the bended specimen. 
Table 38. Comparison of the stress states for the full-ceramic half-cell with different oxidation 
strains. 
This can be the reason why even in a SOFC stack, where the cell support is fixed to the stack frame 
the electrolyte cracks: fixation points (e.g. welding points for the metal-supported fuel cells) and the 
weight of the stack do contribute to the reduction of the cell curvature. However the local oxidation 
stress effect (the major contributor of the tensile stresses in the electrolyte) is not affected. 
124 
 
In general, the FEM analysis demonstrated that the full-ceramic concept is more mechanically 
stable in case of homogeneous oxidation of the support and substrate layers compared to the metal-
supported one in terms of electrolyte cracking (lower average maximum principal stress in the 
electrolyte layer). The electrolyte deposition technique used for the metal-supported concept 
(compressive stresses of about 2 GPa in the electrolyte after the deposition) could be also 
advantageous for the full-ceramic concept because it would help to compensate the tensile stresses 
coming from the local oxidation. However, the fabrication of the anode layer in the oxidized state 
could be advantageous for the metal-supported concept giving the in-operation-reduced nickel 
particles some free space for spontaneous reoxidation. 
Next step should be an analysis of both concepts in terms of the stack situation, i.e. change of the 
boundary conditions. Introduction of the cathode layer should change the stress distribution as well. 
The corresponding properties for the LSCF cathode material are presented above in the subsection 
3.4.1 and might be used for such an analysis. 
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6 Summary and conclusions 
The main outcome of this PhD thesis are the thermomechanical data of two potential substrate 
materials to be used for different SOFC design concepts, i.e. of novel Y-doped strontium titanate 
(SYT) ceramic, the porous FeCr alloy (ITM™) and the comparison of the full-ceramic and metal-
supported concepts on the basis of results of FEM simulation for the case of SOFC-relevant 
homogeneous cell oxidation. Another important output of the thesis is the derivation of stress 
prediction models for composite materials based on the available data for the individual 
components and the different porosities. 
From the comparison of the microstructures of tape-cast and pressed SYT samples it can be 
concluded that the initial powder particle size is the main factor affecting the sintering behavior of 
the material. Smaller powder particle size results in faster sintering already at lower temperatures 
achieving the same porosity as coarser powder at higher temperatures, which is obviously important 
for upscaling. For the production upscaling, however, also the costs of the finer starting powders 
need to be considered. 
With respect to the mechanical behavior, reduced and oxidized SYT specimens revealed elastic 
behavior which is untypical for ceramics within the heating and cooling temperature region of the 
SOFC device, i.e. the Young’s modulus increased from the room temperature up to ≈ 200…250 °C 
and to ≈ 50 °C for the oxidized SYT followed by a subsequent linear decrease up to 800 °C. The 
effect appeared to be associated with a phase transition of the material. For the reduced SYT the 
room temperature phase was determined to be pseudo-tetragonal, whereas at the temperatures above 
≈ 200 °C the cubic phase was detected. The transition was verified to be completely reversible in 
the heating/cooling processes. Oxidation of the as-produced reduced material led to a shift of the 
phase transition temperature to ≈ 50 °C. Hence, in addition to the stoichiometry a change in 
chemical composition could be a tool to shift the phase stability region to a desired temperature, e.g. 
room temperature. 
An anisotropic thermal expansion coefficient was derived from the lattice parameter-temperature 
dependency and associated with this pseudo-tetragonal-cubic transition. Interestingly, high local 
stresses induced in a microindentation test led to the formation of slip bands belonging to {110} 
plane family similar as reported previously for other perovskite titanates. 
Young’s modulus and characteristic strength were of the same order as that of Ni-8YSZ composites 
with moderate mechanical strength. Fractographic investigations of this potential SOFC support 
material (porosity ≈ 0.35) did not permit to reveal indications of the presence of large defects. 
Therefore, the rather low strength of the SYT material does not appear to be related to 
microstructural defects that might be avoided via the production process optimization, but appears 
to be related to a low fracture energy of the material. However, the creep resistance of the 
investigated reduced SYT material was higher than for typical Ni-8YSZ anode materials, probably 
related to the absence of nickel particles that lead to a low creep resistance for the cermet 
composite. 
A possibility to improve the original pure SYT material was tested by mixing it with an equal 
amount of 3YSZ ceramic that is known for its high characteristic strength. The resulting 
characteristic strength had a similar value as that of the pure SYT material. However, the 
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observation of large defects in broken specimens indicated the potential for materials’ improvement 
towards higher characteristic strength. 
The ITM material was investigated in the form of both dense and porous specimens revealing that 
the ferromagnetic-paramagnetic transition affected the Young’s modulus and thermal expansion 
behavior at ≈ 600 °C. Poisson’s ratio measurements of the dense ITM demonstrated an effect of the 
rolling direction on the value and temperature dependency. Overall the porous ITM had a lower 
Poisson’s ratio than the dense material with an increasing value at higher temperatures that was not 
observed for the dense ITM. The creep rate of the ITM porous grade appeared to be highly stress-
sensitive at SOFC operation-relevant temperature (from 750 °C to 850 °C). This was associated 
with the attractive interaction between the Y-rich oxide phase present in the porous ITM material as 
also previously determined for the dense ITM. However, the creep behavior of the porous ITM 
should be the focus of further studies. 
Finally the metal-supported and full-ceramic concepts were compared on the basis of finite element 
modelling results for the case of homogeneous oxidation. The pseudo-isotropic multilayered models 
based on macroscopic properties of the respective porous materials were generated and analyzed 
with ANSYS 14.0 Workbench. The oxidation simulations were compared with the half-cell 
oxidation experiments.  
The FEM modelling showed that the representation of the chemical expansion by an equivalent 
thermal expansion yields acceptable results in simulation. In the case of homogeneous oxidation of 
the metal-supported cell concept with a Ni-8YSZ graded anode larger stresses were induced in the 
electrolyte layer than in the case of the full-ceramic cell support. The reason for this was the larger 
oxidation expansion of the Ni-8YSZ anode material in comparison to the SYT material. The highest 
stresses within the analyzed half-cell structures were observed close to the edge where the oxidation 
expansion was not space-limited. The oxidation-induced stresses dominated over the stresses 
originating from the resulting specimen bending. Hence a rigid fixation of the fuel cell in the SOFC 
stack will not solve the problem of electrolyte cracking. The main activities with respect to the 
(re)oxidation-tolerance of the fuel cell concepts (both metal-supported and full-ceramic) should 
concentrate in future on the minimization of the oxidation expansion. 
Further activities within the mechanical behavior assessment of the metal-supported and full-
ceramic SOFCs should concentrate on the local behavior (micro-scale) within the fuel cell. First 
simulation attempts demonstrated that a two-dimensional approach of the real microstructural 
simulation with ANSYS 14.0 Workbench did not lead to the results that correspond to the 
experimental behavior for the metal-supported sample and were therefore not included in the 
“results and discussion” chapter of the thesis. The reason for this was the invalidity of the 3D model 
simplification into 2D. In this case the effect of the underlaying microstructure was neglected which 
did not correspond to the real loading situation. Hence, the microstructural simulation activities 
should focus on the 3D modelling with high local resolution of the CEA layers, and the influence of 
the thick substrate should also be taken into account in the simulation. 
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7 Appendix 
Interpolation values for IET data processing for disc-shaped specimens (ASTM E1876). 
Table A1.1. Poisson’s ratio values (as a function of f2/f1 and h/r) [107]. 
f2/f1 1.350 1.375 1.400 1.425 1.450 1.475 1.500 1.525 1.550 1.575 1.600 
h/r Poisson’s ratio v 
0.00 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.015 
0.018 
0.020 
0.023 
0.025 
0.033 
0.040 
0.051 
0.062 
0.070 
0.078 
0.043 
0.044 
0.045 
0.049 
0.053 
0.060 
0.068 
0.078 
0.088 
0.096 
0.105 
0.070 
0.070 
0.070 
0.075 
0.080 
0.088 
0.096 
0.105 
0.113 
0.123 
0.132 
0.094 
0.094 
0.094 
0.100 
0.105 
0.114 
0.122 
0.130 
0.138 
0.148 
0.158 
0.118 
0.118 
0.118 
0.124 
0.130 
0.139 
0.148 
0.155 
0.162 
0.173 
0.183 
0.141 
0.141 
0.141 
0.148 
0.154 
0.162 
0.171 
0.179 
0.187 
0.197 
0.206 
0.163 
0.164 
0.164 
0.171 
0.178 
0.186 
0.193 
0.203 
0.212 
0.221 
0.229 
0.184 
0.185 
0.185 
0.192 
0.198 
0.206 
0.214 
0.224 
0.234 
0.242 
0.250 
0.205 
0.206 
0.206 
0.212 
0.218 
0.227 
0.235 
0.245 
0.255 
0.263 
0.270 
0.226 
0.226 
0.227 
0.233 
0.239 
0.247 
0.255 
0.264 
0.274 
0.281 
0.289 
0.247 
0.247 
0.247 
0.254 
0.260 
0.268 
0.275 
0.284 
0.292 
0.300 
0.307 
f2/f1 1.625 1.650 1.675 1.700 1.725 1.750 1.775 1.800 1.825 1.850 1.875 1.900 
h/r Poisson’s ratio v 
0.00 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.265 
0.265 
0.265 
0.271 
0.278 
0.286 
0.294 
0.302 
0.310 
0.318 
0.327 
0.282 
0.283 
0.283 
0.289 
0.295 
0.304 
0.312 
0.320 
0.328 
0.337 
0.346 
0.297 
0.298 
0.300 
0.306 
0.312 
0.320 
0.328 
0.336 
0.344 
0.354 
0.363 
0.312 
0.314 
0.316 
0.322 
0.328 
0.336 
0.344 
0.352 
0.360 
0.370 
0.380 
0.329 
0.331 
0.332 
0.338 
0.344 
0.351 
0.358 
0.367 
0.376 
0.387 
0.397 
0.346 
0.347 
0.348 
0.354 
0.359 
0.366 
0.372 
0.382 
0.392 
0.403 
0.414 
0.362 
0.363 
0.363 
0.368 
0.374 
0.380 
0.387 
0.398 
0.409 
0.420 
0.431 
0.378 
0.378 
0.378 
0.383 
0.388 
0.395 
0.402 
0.414 
0.425 
0.437 
0.448 
0.394 
0.394 
0.394 
0.398 
0.403 
0.409 
0.415 
0.428 
0.440 
0.452 
0.464 
0.409 
0.409 
0.409 
0.413 
0.417 
0.423 
0.428 
0.442 
0.455 
0.468 
0.480 
0.424 
0.424 
0.424 
0.427 
0.431 
0.437 
0.442 
0.456 
0.470 
0.485 
0.500 
0.438 
0.438 
0.438 
0.442 
0.445 
0.451 
0.456 
0.471 
0.485 
0.503 
0.520 
 
Table A1.2. K1 values (as a function of h/r and v) [107]. 
h/r 0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350 0.400 0.450 0.500 
v K1 value 
0.000 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
6.170 
6.076 
5.962 
5.830 
5.681 
5.517 
5.340 
5.192 
4.973 
4.781 
4.540 
6.144 
6.026 
5.905 
5.776 
5.639 
5.491 
5.331 
5.156 
4.964 
4.756 
4.525 
6.090 
5.968 
5.847 
5.720 
5.587 
5.445 
5.290 
5.120 
4.931 
4.723 
4.490 
6.012 
5.899 
5.782 
5.657 
5.524 
5.380 
5.223 
5.052 
4.865 
4.661 
4.436 
5.914 
5.816 
5.705 
5.581 
5.446 
5.297 
5.135 
4.961 
4.775 
4.576 
4.365 
5.800 
5.717 
5.613 
5.490 
5.351 
5.197 
5.030 
4.853 
4.668 
4.476 
4.280 
5.674 
5.603 
5.504 
5.382 
5.240 
5.083 
4.913 
4.734 
4.551 
4.365 
4.182 
5.540 
5.473 
5.377 
5.256 
5.114 
4.957 
4.787 
4.610 
4.429 
4.249 
4.075 
5.399 
5.331 
5.234 
5.115 
4.975 
4.822 
4.656 
4.483 
4.306 
4.131 
3.960 
5.255 
5.178 
5.079 
4.962 
4.826 
4.681 
4.523 
4.358 
4.186 
4.013 
3.841 
5.110 
5.019 
4.915 
4.800 
4.673 
4.537 
4.390 
4.234 
4.070 
3.899 
3.720 
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h/r 0.100 0.110 0.120 0.130 0.140 0.150 0.160 0.170 0.180 0.190 0.200 
v K1 value 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.34 
5.746 
5.694 
5.641 
5.587 
5.531 
5.474 
5.415 
5.354 
5.290 
5.224 
5.156 
5.739 
5.687 
5.634 
5.576 
5.524 
5.467 
5.408 
5.347 
5.279 
5.217 
5.148 
5.722 
5.670 
5.617 
5.563 
5.507 
5.450 
5.391 
5.330 
5.266 
5.200 
5.131 
5.710 
5.664 
5.606 
5.551 
5.495 
5.438 
5.379 
5.317 
5.253 
5.187 
5.118 
5.696 
5.645 
5.592 
5.538 
5.481 
5.424 
5.364 
5.301 
5.238 
5.172 
5.103 
5.683 
5.632 
5.579 
5.524 
5.468 
5.410 
5.350 
5.287 
5.223 
5.157 
5.088 
5.670 
5.619 
5.566 
5.510 
5.455 
5.396 
5.336 
5.273 
5.207 
5.142 
5.073 
5.654 
5.602 
5.549 
5.495 
5.439 
5.379 
5.318 
5.255 
5.190 
5.123 
5.053 
5.642 
5.590 
5.537 
5.479 
5.427 
5.366 
5.304 
5.241 
5.173 
5.108 
5.037 
5.629 
5.576 
5.523 
5.463 
5.411 
5.351 
5.289 
5.225 
5.154 
5.091 
5.020 
5.608 
5.556 
5.502 
5.446 
5.388 
5.328 
5.266 
5.201 
5.135 
5.067 
4.997 
 
Table A1.3. K2 values (as a function of h/r and v) [107]. 
h/r 0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350 0.400 0.450 0.500 
v K2 value 
0.000 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
8.240 
8.378 
8.511 
8.640 
8.764 
8.884 
9.000 
9.111 
9.219 
9.321 
9.420 
8.226 
8.339 
8.459 
8.584 
8.712 
8.840 
8.962 
9.081 
9.193 
9.292 
9.376 
8.151 
8.252 
8.364 
8.485 
8.611 
8.738 
8.860 
8.977 
9.085 
9.178 
9.252 
8.027 
8.124 
8.233 
8.349 
8.469 
8.589 
8.705 
8.814 
8.913 
8.997 
9.063 
7.863 
7.963 
8.071 
8.182 
8.294 
8.403 
8.508 
8.605 
8.692 
8.766 
8.824 
7.670 
7.777 
7.885 
7.990 
8.092 
8.189 
8.280 
8.363 
8.436 
8.499 
8.550 
7.455 
7.570 
7.679 
7.779 
7.871 
7.954 
8.030 
8.098 
8.157 
8.208 
8.252 
7.227 
7.350 
7.459 
7.553 
7.635 
7.706 
7.767 
7.819 
7.865 
7.905 
7.940 
6.991 
7.120 
7.228 
7.316 
7.390 
7.450 
7.497 
7.535 
7.589 
7.598 
7.625 
6.754 
6.885 
6.991 
7.074 
7.141 
7.191 
7.226 
7.253 
7.276 
7.295 
7.313 
6.520 
6.649 
6.751 
6.830 
6.889 
6.931 
6.960 
6.979 
6.991 
7.001 
7.010 
h/r 0.100 0.110 0.120 0.130 0.140 0.150 0.160 0.170 0.180 0.190 0.200 
v K2 value 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.34 
8.460 
8.510 
8.560 
8.611 
8.662 
8.712 
8.762 
8.811 
8.860 
8.907 
8.954 
8.443 
8.493 
8.542 
8.586 
8.646 
8.694 
8.743 
8.791 
8.833 
8.885 
8.932 
8.411 
8.460 
8.509 
8.559 
8.613 
8.660 
8.708 
8.755 
8.804 
8.848 
8.894 
8.385 
8.433 
8.482 
8.530 
8.582 
8.630 
8.678 
8.726 
8.772 
8.818 
8.863 
8.355 
8.403 
8.451 
8.500 
8.548 
8.597 
8.645 
8.692 
8.739 
8.784 
8.827 
8.326 
8.373 
8.421 
8.469 
8.517 
8.565 
8.612 
8.659 
8.705 
8.750 
8.793 
8.297 
8.343 
8.391 
8.437 
8.487 
8.534 
8.580 
8.625 
8.668 
8.716 
8.758 
8.262 
8.308 
8.356 
8.403 
8.454 
8.498 
8.542 
8.585 
8.630 
8.675 
8.717 
8.234 
8.279 
8.327 
8.368 
8.425 
8.467 
8.510 
8.551 
8.591 
8.640 
8.681 
8.202 
8.248 
8.294 
8.331 
8.390 
8.432 
8.474 
8.515 
8.550 
8.601 
8.641 
8.160 
8.205 
8.249 
8.294 
8.338 
8.382 
8.425 
8.467 
8.508 
8.548 
8.586 
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